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1.1  Motivations 
 
Microelectronics fabrication requirements have driven the continued development of tools for 
realization of highly precise, reproducible, and scalable structures, typically at micron dimensions 
[1.1]. More recently, the fabrication of nano-scale structures has been under rapid development.  
Two main approaches have been investigated: the top-down approach and the bottom-up 
approach. The top-down approach consists into the ultimate miniaturization of semiconductor 
fabrication technology and ultra-fine machining for the production of structures in the ten 
nanometer range. The smallest features obtained by ultra-fine machining are continuously 
decreasing in size. The lithography and mechanical nanomachining associated with 
semiconductor processing has been pushed down to 10-100 nm range. In contrast, the bottom-up 
approach uses atoms and molecules as building blocks for making larger and more complex 
assemblies. Self-organization in crystal growth, protein synthesis and chemical synthesis is used 
to provide nano-materials with novel functionalities. The bottom-up approach has also initiated 
the development of a new research field. Micromachined tools and devices are now considered to 
observe, manipulate and synthesize nanostructures. Scanning probe microscopy (SPM) related 
techniques [1.2], and laser and mechanical tweezers [1.3, 1.4] have demonstrated the capabilities 
of such microtools to fabricate and manipulate nanostructures. 
 
The purpose of the thesis is to introduce a novel patterning method relying on the use of 
microsystems as microtools, not only to define micro/nanostructures but also to correct devices 
non-uniformities due to spatial variations inherent to microfabrication technologies.     
 
1.2 Research objectives 
 
The microtools developed in this thesis are constituted of integrated microactuated multi-layer 
shutters used as repositionable shadow masks while metal particles or etching agents are 
transferred to the surface of the substrate of interest.  By controlling the position and state of the 
microshutters in real-time, direct patterning of three-dimensional structures of varying 
compositions is enabled with sub-micron resolutions, without requiring nanolithography.  
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Patterning processes based on shadow masking techniques have been utilized for decades [1.5, 
1.6, 1.7, 1.8] Nevertheless, the shadow masks remain usually fixed or their heterogeneous 
integrations lead to poor patterning resolutions. One research objective is to determine what are 
the limiting factors resulting in these poor structure definitions, and to isolate a set of conditions 
allowing the development of micro-shadow masks for direct patterning of structures with 
resolution down to the nano-scale range, without requiring nanolithography. This patterning 
method may then not only be applied to the fabrication of tri-dimensional structures otherwise 
unrealizable with other techniques, but may also potentially reduce the number of 
photolithography steps of a given fabrication process by allowing the deposition of various 
materials on different substrate areas without ever breaking the vacuum of the deposition 
chamber.  
 
As a second demonstration vehicle, the patterning method is applied to controlled metal 
deposition on microresonators, for frequency tuning purposes. In the past decade, the recent and 
dramatic development of personal communication devices forced the market to acquire efficient 
miniaturized components. Vibrating mechanical tank components such as crystal and surface 
acoustic wave (SAW) devices are widely used for frequency selection in communications sub-
systems because of their high performance and exceptional stability against thermal variations 
and aging. Unfortunately, mechanical resonator tanks are off-chip components, and therefore 
must be interfaced with integrated electronics at the board level, often consuming a sizable 
portion of the total system area. These devices represent an important bottleneck to the ultimate 
miniaturization and portability of wireless transceivers. The development of IC-compatible 
micromachining technologies may bring solutions to the miniaturization problems. Specifically, 
filters, oscillators and couplers, currently implemented via off-chip resonators and passive 
elements may now be potentially realized at the micro-scale using micromachined equivalent 
devices [1.9, 1.10, 1.11].  
One common roadblock in microsystem manufacturing processes comes from local process 
variations. As a result, even though the micro-fabrication is well controlled, structural deviations 
exist between designed and fabricated devices, and between same devices adjacent to each other 
on the same wafer. Therefore, it is common that the frequency responses of micro-resonators may 
vary from the desired design values. Extremely fine tuning of capacitively-transduced 
microresonators can be achieved using electrical signals [1.12]. However, non-reversible coarse 
and fine tuning of individual resonators is required due to manufacturing tolerances. This can be 
accomplished by controlling the deposition of small quantities of evaporated materials onto 
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selected resonators, and measuring the resonance frequency shift of the resonators, in-situ, while 
depositions occur. The presented mechanical tuning mechanism is theoretically analyzed, 
modeled and compared to previously introduced tuning methods, in terms of tuning capabilities 
and device performances. The integration of the microshutters on capacitively-transduced 
microresonators fabricated within the bulk of silicon on isolator (SOI) substrate is also 
investigated. Two CMOS-compatible substrate planarization techniques are introduced and 
utilized to allow further surface micromachining of the microshutters spanning over the 
resonators.  
 
1.3 Organization of the dissertation  
 
Chapter 2 introduces and demonstrates the patterning transfer capabilities of the reconfigurable 
shadow mask technology. Section 2.1 presents an historical review of the contribution of shadow 
masks to various patterning technologies. A geometrical analysis developed in Section 2.2 points 
out that shadow masks must be integrated for best patterning resolution. Unlike previous 
approaches, multi-layer microstencils are integrated to the substrate and repositioned in real time 
while depositions occur in physical vapor deposition (PVD) systems. The technology concept is 
presented in Section 2.3. Design and fabrication of an integrated multi-layer microactuated 
polymeric shadow mask structure is presented in Section 2.4. The patterning capabilities are 
demonstrated in Section 2.5. 
 
In Chapter 3, the reconfigurable shadow technology is applied to micro-nanostructuring. Locally 
controlled metal deposition for micro-nanopatterning is introduced in Section 3.1. Design and 
fabrication of a microactuator exhibiting controlled nano-scale displacement is detailed Section in 
3.2. A laser ablation through microactuated multi-level shutters technique for micro-
nanostructuring of polymer is developed in Section 3.3. Finally, Section 3.4 demonstrates 
depositions of micro-nanolines varying spatially as well compositionally. 
  
Chapter 4 introduces a method for coarse and fine mechanical frequency tuning of MEMS 
resonators. The various resonator tuning methods previously reported are recalled in Section 4.2. 
Mechanical tuning is performed on bulk-fabricated resonators presented in Section 4.3. 
Controlled material deposition onto microresonator top surfaces enables resonance frequency 
shift toward higher or lower frequency, depending on the resonator structural material. The 
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mechanical tuning method is detailed in Section 4.4. Theoretical analyses (Section 4.4.1) are 
verified by experimental results obtained from silicon based resonator coated with gold (Section 
4.4.2 and 4.4.3). The performances of mechanically tuned resonator in terms of long-term drift 
and quality factor are investigated and modeled in Section 4.4.5. A post-tuning low-temperature 
annealing step is utilized to restore the initial resonator high-Q (Section 4.4.6). 
 
Chapter 5 focuses on the fabrication of microshutters to perform individual resonator tuning using 
the tuning method presented Chapter 4. The individual resonator tuning mechanism is introduced 
in Section 5.1. Microshutter design, fabrication and tests are presented in Section 5.2. Two 
planarization techniques allowing further surface micromachining of the microshutter over bulk-
microfabricated resonators are presented in Section 5.3. Individual microresonator mechanical 
tuning is demonstrated in Section 5.4.     
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2 Integrated microactuated polymeric multi-
layer shadow masks  
 
 
Shadow masks have always been at the core of pattern transfer technologies (Section 2.1), from 
standard surface patterning to fabrication of three-dimensional structures by ion beam shadow 
etching. Using shadow masks, selected substrate areas may be exposed to given additive or 
subtractive processes while others are protected. Geometrical analyses presented in Section 2.2 
point out that best patterning resolution is achieved when the shadow masks are integrated on the 
substrate of interest. Therefore, unlike previous approaches, integrated microactuated polymeric 
multi-layer shadow masks are introduced (Section 2.3), designed, and fabricated (Section 2.4), to 
demonstrate the pattern transfer capabilities of the reconfigurable shadow technology. Metallic 
lines, one order of magnitude smaller than the critical resolution offered by the fabrication 
technology, are patterned on a silicon substrate, by actively controlling the position of multi-layer 
micro stencils in metal deposition systems (Section 2.5). 
 
 
2.1 Historical review of shadow masks contributions to pattern 
transfer methods and microsystems fabrication 
 
Photolithography as it is commonly used in IC and microsystem processes consists of transferring 
patterns, designed on a photomask, onto a temporary photosensitive medium coated on the 
substrate of interest through light exposure, and using the introduced medium as a subsequent 
mask for selective etching of underlying layer(s). The photolithography process is depicted in 
Figure 2.1. First of all the substrate of interest (Fig 2.1.a) is coated with a thin photosensitive 
resist (polymer-based) (Fig 2.1.b). Patterns designed on a photomask are then transferred into the 
photoresist layer by UV exposure of the substrate through the photomask (Fig 2.1.c). After 
exposure, the substrate is rinsed in a developing solution or sprayed with developer, which, in the 
case of a positive photoresist, removes the exposed areas, and leaves a pattern of bare and 
photoresist-coated area on the substrate (Fig 2.1.d). The photoresist pattern is the “exact” 
reproduction of the photomask design. Dry- or wet-etching is then performed in an environment 
(gases or solutions) that attacks the underlying layer but leaves the mask layer intact (Fig 2.1.e). 
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The photosensitive medium is finally removed from the substrate (Fig 2.1.f), and the process 
continues. 
Figure 2.1-Photolithography process (w
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deposit due to shadowing effects, inherent to the use of shadow-masks, and limitation to low-
temperature process because of the use of photoresist as the lift-off layer. 
 
 
Figure 2.2-Lift-off process (with positive photoresist) 
 
Based on the lift-off process principle, several research groups became interested in the 
possibilities offered by the use of integrated micro shadow masks for fabrication of submicron 
multi-level thin film structures. In combining angled metal evaporations and a suspended micro 
shadow-mask, one may control the position of the metal deposits on the substrate resulting from 
the evaporation of metal particles through the shadow mask. Using this technique a single mask 
can be utilized to produce two or three precisely registered levels with no intermediate non-
essential processing. This method was early applied to the fabrication of Josephson junctions. In 
1977, G. J. Dolan [2.1] reported fabrication of nano-scale structures by metal deposition through 
a stationary, integrated polymeric shadow mask. The fabrication process is very similar to a 
standard lift-off process and also takes advantage of angled depositions. An enhanced version of 
this deposition technique, also applied to the fabrication of Josephson junctions, was developed 
by Potts et al., in 2001 [2.2]. In this work, the polymeric shadow masks are replaced by a thin 
free-standing titanium film. Figure 2.3.a shows a cross-section of the titanium shadow mask. Two 
angled metal depositions through the shadow mask suspended 1.1 micron over the substrate 
results in patterning of overlapping identical deposits. An SEM picture of the resulting device is 
shown in Figure 2.3.b. Even though the titanium layer presented more thermal and mechanical 
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This patterning technique also suffered from general limitation, in terms of spreading effects, 
associated with standard lift-off process. On the other hand, submicron features integrated to 
simple electronic devices may be fabricated, without the need for nanolithography. 
 
 
Figure 2.3-Integrated shadow masks. (a) Schematic drawing showing the cross section of the 
titanium shadow mask; (b) SEM of the resulting device 
 
The use of resist-based lithography in fabrication of microsystems presents two major drawbacks.  
First of all, contrary to ICs, microsystems often exhibit extreme topographies that make usual 
resist spinning or spraying difficult. Applying photoresists, PR, might cause mechanical damage 
to fragile free-standing structures already present on the substrate. For instance, patterning the 
backside of a recessed membrane presents a considerable technical challenge as the uniform PR 
coating essential for obtaining good resolution is very difficult on such structures. An alternative 
promising method resides in electroplated resists [2.3]. On the other hand, they have the main 
disadvantage that a conductive substrate is required for the electrodeposition process.  
 
The second major drawback of resist-based lithography to microsystems fabrications is related to 
chemical cross-contamination (mainly due to the solvent in the PR developing and stripping 
steps) thermal cycles (when curing PR) or UV exposures. These problems are exacerbated in the 
field of BioMEMS where substrates often exhibit chemically functionalized surfaces for 
biological, medical, or microfluidic applications.  
 
To address the two presented issues, a variety of micro-nanopatterning methods have emerged. 
Patterning techniques such as local deposition of molecular layers by micro-contact printing 
(µCP) [2.4], thermo-mechanical indentation of polymers by nanoimprint lithography (NIL) [2.5] 
or surface modification by scanning probe lithography (SPL) [2.6] provide more flexibility at 
relatively low-cost, while ensuring substrate integrity.  
 
(a) (b) 
2.  Integrated Microactuated Polymeric Multi-Layer Shadow Masks 
 19
Another interesting patterning method is based on local material deposition through micro 
shadow-masks. This resistless and virtually contact-free method avoids the risks of chemical 
cross-contamination and/or mechanical damage of the substrate. It also allows material deposition 
on recessed surfaces or substrate exhibiting extreme topographies. Non-integrated micro shadow 
mask for deposition of materials on selected area was first demonstrated by Döhler et al. [2.7] 
who used a drilled silicon wafer acting as a shadow mask for fabrication of contacts for n-i-p-i 
structures by molecular beam epitaxy (MBE). This solid-state approach has since been widely 
utilized for depositions of materials on substrates non-favorable to resist-based lithography. 
Deposition of metal lines and electrical contacts in deep holes was reported in 1996 by G.J. 
Burger et al. (Figure 2.4.a and b) [2.8]. A. Tixier et al. demonstrated aluminum deposition on 
isolated areas with pre-processed silicon wafers as shadow masks (Figure 2.4.c and d) [2.9]. 
Another work reported by Kim et al. demonstrates the deposition of metal inside dome-shaped 
cavities [2.10].  
 
 
Figure 2.4-Non-integrated shadow masks; (a) and (c) SEMs of shadow masks; (b) and (d) 
resulting patterns 
 
As the size of ICs and microsystems keeps shrinking, dry lift-off patterning techniques are 
bringing a response to the need for nano-scale patterning. Besides avoiding chemical cross-
contaminations and surfaces mechanical damages, dry lift-off methods are financially very 
(a) (b) 
(c) (d) 
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interesting since the medium used as shadow mask is often cleanable and reusable [2.11, 2.12]. 
Nanopatterning usually involves the need for costly time-consuming processes. Applying these 
nanopatterning techniques to the fabrication of a single shadow mask, subsequently utilized for 
patterning many substrates, becomes highly interesting. J. Brugger et al. demonstrated the 
deposition of nanodot (300 nm) arrays by evaporation though nanostencils [2.13]. The shadow-
mask was constituted of free-standing thin silicon nitride membranes held by a Si wafer. 
Submicron features were defined by laser-interference lithography (LIL). Figure 2.5.a shows 
SEM of the shadow-mask and Figure 2.5.b displays the resulting deposits. The deposition method 
was later improved by G.M. Kim et al. who presented fabrication and application of a full wafer 
size micro/nanostencil for multiple length-scale surface patterning [2.14]. Submicron features 
were defined by a focused ion-beam (FIB). Features sizes patterned on the substrate varied from 
100 nm to hundreds of microns.  
 
 
Figure 2.5-Shadow masks for nanopatterning; (a) SEM of silicon nitride nanostencil with 300 nm 
periodic apertures; (b) SEM of the resulting deposited nanodots array 
 
The inherent drawbacks to the use of non-integrated shadow masks for nano/micro patterning are 
three-fold.  
 
First, even though the nanostencils can be cleaned and reused, the reliability of such techniques is 
questionable considering that, at the nanoscale, metal particles will certainly accumulate on the 
side of the mask and reduce the opening size if not clog it.  
 
Second, dry lift-off patterning methods encounter similar problems as standard resist-based lift-
off processes, in terms of spreading effects. If the shadow mask is not in contact with the 
(a) (b) 
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substrate, metal will be deposited underneath the mask and result in a larger pattern. In dry lift-off 
patterning techniques the mask-to-substrate separation usually ranges from 5 µm to hundreds of 
microns. This problem was addressed by G.J. Burger et al. [2.8] who demonstrated that substrate 
tilt, mask-to-substrate separation and atoms scattering on the mask edge lead to the formation of a 
penumbra region at the deposit edge. A proposed solution was to shortly dip the substrate in an 
etchant solution to remove metal excess at the edges. This fabrication trick might be acceptable 
for large and thick patterns, but becomes very challenging when the size and thickness of the 
deposit decrease. 
 
Third, alignments of shadow-masks remain challenging especially at the nano-scale. The ability 
to define several patterns well-aligned to each other, by simply adding structured films, layer by 
layer, could yield fabrication of fully functional devices, without the need for multiple 
photolithography steps. All papers reporting the use of non-integrated shadow masks as a pattern 
transfer method present an original alignment method. In [2.9] the silicon-based shadow-mask 
structure presents a recessed plane in which the IC can be tightly placed (Figure 2.6.a). This 
alignment technique relies on perfect definition of the recessed area as well as the border of the 
IC itself. Alignment accuracy within 3 microns is claimed. Another method often encountered is 
based on the alignment of a set of groove and jig structures [2.15]. The grooves are defined by 
anisotropic potassium hydroxide (KOH) etching of the silicon substrate. Even though this 
alignment method requires the need for an additional photolithography step to create the groove, 
which defeats the purpose of resistless lithography, alignments within 2 microns are demonstrated 
(Fig 2.6.b). In [2.16], previously-defined KOH etched structures are used to align shadow masks. 
Indeed, an ingeniously designed silicon-based shadow mask is fabricated such as crystallographic 
planes exposed by KOH etching present a mirror-like symmetry to grooves already defined in the 
substrate (Fig 2.6.c). Thanks to this self-alignment method, the shadow-mask can be brought 
closer to the recessed area on which it is desired to evaporate the metal. Mask-to-substrate 
separation is subsequently reduced leading to the deposition of sharper deposits. Finally, another 
common alignment technique is to utilize mask or wafer bonding alignment tools. The substrate 
is usually glued to a micromachined mask using photoresist, while alignment is performed. The 
photoresist is then cured and the mask and substrate remain in firm contact.   
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Figure 2.6-Various techniques offering shadow mask to substrate alignment (a) Mechanical 
alignment and evaporation through shadow mask. The IC is inserted in a cavity built within the 
shadow mask Metal is then evaporated, resulting into creation of metal pads on the IC. (b) 
Schematic drawing showing side views of a double-layer patterning scheme using two 
complimentary shadow-masks. The alignment is done via a mechanical jig structure (left), or 
previously etched V-groove (right). (c) Schematic illustrations demonstrating the potential high 
resolution obtainable with self-aligned recessed mask method (bottom) compared to regular 
shadow masking technique (top) 
 
In some cases the disadvantages associated with non-integrated shadow masks are turned into 
assets for realizations of other devices. For instance, deposits with controlled tapered shapes may 
deposited by controlling the separation between shadow masks and substrate. [2.17] reported a 
single step process that produces vertically tapered epitaxial layers using shadow-masked growth 
by chemical-beam epitaxy (CBE) in a single run (Fig. 2.7.a). Mechanical adjustment of the 
relative position of the shadow mask to the substrate can yield to the formation of intricate multi-
layered tapered structures. [2.18] introduced ion beam shadow etching (IBSE) where a silicon-
based shadow mask is placed over the substrate mounted on a turning table while ions mill the 
exposed areas (Figure 2.7.b). Once again, tapered deposits edges can be controlled by adjusting 
the mask-to-substrate separation. Another method relying on shadow masks to create tapered 
shapes was presented by R.L. Sandstrom et al [2.19]. In this case, the relative position between a 
mechanically actuated shadow-mask and the substrate of interest is controlled in a RIE reactor. 
The substrate etch profile is then defined by the amount of time each area is exposed to the 
plasma. In order to keep the plasma undisturbed, the shadow mask remains fixed over the anode 
while the position of the substrate is adjusted thanks to an operating system kept under the anode. 
Three dimensional structures presenting controlled sidewall angles could then be created (Fig. 
2.7.c)  
(a) (b) (c) 
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Figure 2.7-Shadow-masks for 3D structure fabrications; (a) shadow mask growth process 
produces vertically tapered waveguide epilayers. (b) Ion beam shadow etching: experimental 
setup; (c) profile of substrate processed using movable RIE system 
 
For many decades, pattern transfer through shadow-masking techniques have been widely 
utilized, especially when standard microfabrication patterning techniques cannot be applied or 
generate the required features. When considering shadowing techniques, parameters such as 
chemical contamination, substrate mechanical damage or surface topography have to be taken 
into considerations. Feature size resolution greatly depends on the geometry of the overall 
system. Geometrical analyses, extracting key parameters for obtaining best pattern transfer 
resolution, are presented in the next section. 
 
2.2 Geometrical analyses 
 
Metal deposition in PVD systems is a standard procedure for fabrication of microelectronic 
devices and microsystems. In the case of filament evaporation, particles are evaporated by 
heating a source of desired material, under high vacuum conditions (< 10P-3P Pa). In this pressure 
range, the mean free path of the vapor atoms is much larger (>10 m) than the distance source-to-
substrate. Therefore, the vapor atoms stream in straight lines from the source to the substrate. If a 
shadow mask is brought between source and substrate, the mask features are transmitted to the 
substrate surface. Nevertheless, the deposit shape is not exactly identical to the mask, but depends 




(a) (b) (c) 
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 d: the distance source to substrate 
 g Bms B: the separation shadow mask to substrate 
 e: the eccentricity of the mask opening to the center of the source 
 s: the source size  
 AR: the aspect ratio of the shadow mask openings (AR=w/t with w, the mask opening width 
and t, the mask thickness). 
 
The following analysis is restricted to a single dimension. The sizes of metal deposits transmitted 
through single-layer shadow masks are investigated next. 
 
Figure 2.8-Parameters influencing metal deposit shape in a PVD system  
 
 
Projection from a centered real source 
 
First, the metal source of width, s, is considered aligned to the center of the mask opening, i.e. 
e=0. Figure 2.9 shows that two cases have to be considered, depending on the mask AR. When 
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Figure 2.9-Influence of the mask AR on the metal projection, P, onto the substrate. a) Small AR; 
b) large AR 
 
 
When the mask AR is small, the metal projection on the substrate can be found by extracting the 
tangent of the angle α (Fig. 2.9.a): 
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the bottom layer of the shadow mask opening and the vertical axis. 
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When the mask AR becomes large (Fig. 2.9.b), some particles, streaming radially from the metal 
source, impinge on the vertical sides of the mask opening. This case occurs when  
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the source is collimated and the projection of the mask opening on the substrate is: 
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The size of the metal projection transmitted onto the substrate is summarized in Table 2.1 
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Table 2.1- Metal projection as a  function of the mask thickness 
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Equation 2.2 shows that the distance source-to-substrate, d, impacts the size of the metal 
projection. The graph Figure 2.10 plots the normalized projection width, P/w, of the metal deposit 
as a function of the distance source-to-substrate, d, for various opening widths, w. The source is 
assumed to be positioned in the center of the mask opening. The thickness of the mask and the 
distance mask-to-substrate are respectively set to 10 µm and 5 µm. In order to obtain realistic 
results, the source width, s, is set to 5 mm, to match measurements taken on the evaporator used 
in this work. Figure 2.10 shows that the distance source-to-substrate has a dramatic impact on the 
ratio P/w (Case 1), especially when considering submicron-wide slits. If the substrate is placed 35 
cm away from the source, the projection of a 0.5 µm wide opening in the shadow-mask, spaced 5 
µm away from the substrate, is about 20% wider than the original mask slit. Projections from 
larger openings are not so drastically affected by d. Therefore, nanopatterning though shadow 
masks must be done in PVD systems offering high source-to-substrate distances.  
 
Figure 2.10-P/w vs. distance source-substrate, d, f
 
The effect of the separation substrate-to-source is strongly
and shadow-mask (Case 1). The graph, Figure 2.11, plots t
P/w, as a function of the gap mask-to-substrate, g, for vario
opening. In the unrealistic case of a metallic source assimi
substrate has barely any influence on the projection width,
the contrary, when the source width is adjusted to measured
on the substrate rapidly increase with the gaps. These 
substrate and shadow mask must be minimized for optimum
Parameters: 
 t = 10 µm 
g = 5 µm 
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results suggest that the gap between 
 pattern transfer definition.  
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Figure 2.11-P/w vs. mask-to-substrate gap, g, for various source sizes, s 
 
If the gap mask-to-substrate cannot be reduced because of manufacturing constraints, the 
thickness of the shadow-mask should be increased. Figure 2.12 shows two graphs plotting the 
ratio P/w in function of shadow mask thickness, t, for different gap mask-to-substrate, g, values, 
considering that the source is centered on the mask opening. The graph on the right-hand focuses 
in the dotted area of the graph on the left-hand side. The source width and the distance source-to-
substrate are respectively set to 5 mm and 35 cm. By increasing the thickness of the mask above a 
certain aspect ratio (Eq. 2.10), the spreading effect caused by a large mask-to-substrate gap can be 
reduced. Specifically, the graphs show the transition from Case (1), in which the thickness of the 
mask does not impact the projection width, to Case (2), in which the high aspect-ratio shadow-
mask acts as a collimator for the evaporated metal particles.  
Figure 2.12-P/w vs. shadow mask thickness for various mask-to-substrate gap,g Bms B 
Parameters: 
 w = 2 µm 
 t = 10 µm 






  Case (1)   Case (2) 
Parameters: 
 w = 2 µm 
 t = 10 µm 
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Ideal non-centered metal source 
 
Patterning resolution across the substrate is investigated in this section. The metal source is 
assumed to be ideal, i.e., s=0.  Three cases depending on the relative position of the source to the 
mask opening and the mask thickness are depicted in Figure 2.13.  
 
 
Figure 2.13-Infuence of the mask opening, w, and source relative position, e, on the metal 
projection, P,  transmitted through a shadow mask of thickness, t.  
 
 Figure 2.13.a. shows that if 
                     
2
0 we ≤≤          (2.14) 
the mask thickness has no influence on the mask projection on the substrate  and P can be found  
by extracting tan(α), such as:   
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two cases have to be considered, depending on the eccentricity of the mask opening to the source. 
Figure 2.13.c shows that if e becomes very large, no metal particles reach the substrate.  Metal 
particles are projected on the substrate if  
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The size of the metal deposit transferred to the substrate from an ideal source though a shadow 
mask of thickness, t , depending on the eccentricity, e, of the mask to the source is summarized in 
Table 2.2. 
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Table 2.2-Mask projection width, P, vs. source eccentricity, e, and shadow-mask thickness, t 
 
The graph Figure 2.14 plots the ratio P/w as a function of the horizontal position of a slit, e, with 
respect to the center of the metal source, for various mask aspect ratios, AR. The graph is 
extracted from calculations done on a 2 µm wide opening. The gap mask-to-substrate is set to 10 
µm, and the distance source-to-substrate to 35 cm. The X-axis is displayed in a logarithm scale 
ranging from 0 to 5 cm. As the slit eccentricity increases, the width of the metal deposit 
decreases. If the shadow-mask exhibit very high AR (1/50 to 1/100), the deposit size varies 
dramatically. The graph demonstrates the evolution from Case (4) to Case (5). When the mask 
AR and the slit eccentricity are extremely large, no particles beam can reach the substrate. Again, 
the mask collimates the flux of evaporated atoms. In order to obtain consistent results across large 
substrates, the shadow mask AR must be minimized. In the case of a 2 µm wide slit, a 1:1 aspect 
ratio only generates discrepancies on the order of a few percent across an entire 4” wafer. 
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Figure 2.14-P/w vs. source eccentricity, e, for various shadow-mask aspect ratios, AR 
 
These analyses indicate that patterning resolution strongly depends on the geometry of the entire 
deposition system. Considering that lower deposition rate do not affect the process, best results 
are obtained when the distance substrate-to-source is maximized, while the gap mask-to-substrate 
is minimized. When the technique is applied to pattern large substrates, it is recommended to use 
thin shadow masks, for consistency purposes. In the case of nanopatterning, variations of the 
aforementioned parameters have a more dramatic impact on the ratio P/w. Nevertheless, if the 
mask-to-substrate gap is small enough, good pattern transfer is potentially obtainable.  In order to 
minimize this mask-to-substrate gap, it is necessary to consider the integration of the mask onto 
the substrate. The smallest gaps are achievable by full integration, i.e., the surface 
micromachining of the mask directly onto the deposition substrate. 
 
Shadowing pattern transfer methods have to be chosen in light of the application. Table 2.3 
summarizes the pros and cons of integrated versus non-integrated masking approaches: 
 
 Integrated shadow masks are likely to define fine features with better resolution on flat 
surfaces. But they are more prone to damage the substrate during post-fabrication of 
integrated micro-nano stencils.  
 Non-integrated shadow-masks are usable in more diverse situations, where patterned 
feature dimension are not critical, and no post-processing can be carried out. 
AR = 1/100 
AR = 1/50 
AR = 1/10 
 
Parameters: 
w = 2 µm 
g = 10 µm 
d = 35 cm 
Case (5) 
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Table 2.3-Integrated vs. non-integrated shadow masking methods 
 
2.3 Reconfigurable shadow mask technology: Concept 
 
The reconfigurable shadow mask technology introduces the use of multi-layer microsystems 
utilized as in-situ addressable integrated microshutters in metal deposition systems for micro- and 
nano-patterning. A multi-layer microstructure is formed of multiple movable microstencils 
stacked on top of each other and placed into a PVD system. While metal deposition occurs 
particles travel radially from the crucible to the substrate. Dynamic adjustments of the relative 
position of each stencil allow control of which particles will impinge on the substrate, and 
subsequently dictate the shapes and sizes of the metal deposits. Figure 2.15.a shows a scenario in 
which a two-layer shadow mask structure acts as a closed shutter during metal deposition. No 
metal particle reaches the area of the substrate below the microstructure. The relative position of 
the movable micro stencils may be adjusted such that an overlap is created between the two sets 
of openings (Figure 2.15.b). The metal deposit transmitted onto the substrate is as wide as the 
overlap size. The microstructure fabricated using conventional microfabrication technology may 
allow pattering of submicron features, by controlling the mask positions. Moreover arrays of such 
individually actuated microstructures covering an entire substrate may greatly enhance the 
capabilities of metal deposition in PVD systems. Various materials may be patterned with varying 
features sizes and deposited on different areas of the substrate without ever breaking vacuum.   




Figure 2.15-Technology concept: (a) No metal particle reaches the substrate; (b) the evaporated 
metal particles reach the substrate though the overlap created by the shadow-masks 
 
 
2.4 Integrated microactuated polymeric multi-layer shadow masks: 
Design and fabrication 
 
Double-layer microstructures composed of one mobile mask and one fixed mask are developed to 
demonstrate the technology concept. Two approaches may be envisioned. The mobile mask may 
be built over the fixed mask, or vice versa. Both configurations are depicted in Figure 2.16. 
Figure 2.16.a shows the mobile mask fabricated within the thickness of an actuator positioned 
over the fixed mask. The reverse scenario is presented in Figure 2.16.b. Microactuators may be 
fabricated within thick polymeric films using a single photolithography step. Moreover definition 
of a fixed mask over a mobile mask may disrupt proper functioning of the mobile mask. The 
technology concept is thus demonstrated by development of polymeric multi-layer shadow-
masks, constituted of a mobile mask positioned over a fixed mask. 
 
 
Figure 2.16-Two design approaches: (a) mobile mask is fabricated over the fixed mask; (b) 
mobile mask lies underneath the fixed mask 
 
(a) (b) Mobile mask 
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2.4.1 Microstructure design 
 
The mobile mask is built within the thickness of a SU8-based microresonator shuttle, and the 
fixed mask is patterned into an underlying polyimide layer.  The design of a microsystem depends 
on the critical dimensions achievable by the fabrication technology. The fabrication sequence of 
the polymer-based multi-layer shadow masks structure will be detailed in Section 2.4.2. The 
photolithographic masks used for the fabrication present minimum feature sizes of 20 microns 
with resolution of +/- 3 microns. Moreover, alignment of the photosensitive resist layers within 5 




The mobile mask is integrated within the thickness of the shuttle of an electrostatically actuated 
SU8-based microresonator. SU8 epoxy was first developed by IBM in 1989. Properties such as 
planarization of extreme topographies, good adhesion, high glass transition temperature [2.20], 
non-conductivity, and very low absorption in the UV spectrum have made its use very attractive 
to high aspect-ratio MEMS type applications. The only drawback associated with the use of SU8, 
is the difficulty of removal of the cross-linked matrix. To address this issue and benefit from the 
aforementioned properties, SU8 is used here as the structural material for fabrication of 
microresonators. SU8 epoxy is blended with gamma-butyrolactone solvent to form a mixture of 
viscosity: 2483 cst, and a photo-acid generator to produce a spin-castable thick epoxy resist. 
Electrical, mechanical and thermal properties of SU8 are summarized in Table 2.4. 
 
Properties Values 
Young’s modulus (GPa) 3.8 [2.20] 
Residual stress (MPa) 13.6 [2.20] 
Poisson’s coefficient 0.19 [2.21] 
Glass transition, Tg Fully cross-linked  200°C [2.20] 
Thermal expansion coefficient 50 ppm/K [2.22] 
Thermal conductivity 0.2 W/mK [2.23] 
Dielectric constant 4  [2.24] 
Table 2.4 -SU8 electrical, thermal and mechanical properties 
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The fixed mask structural material is pyraline PI2610, a spin-on polyimide from HD 
MicroSystems PTMP.  
 
2.4.1.2 Actuating forces 
 
Electrostatic forces are applied to the microresonator shuttle by comb-drive electrodes [2.25]. The 
force is proportional to the ratio of the structure height, t, versus separation gap, gBcbB. The 








0εε=  (2.27) 
 
where ε B0 B is the permittivity of vacuum (8.85.10P-12P A.s.VP-1 P.mP-1 P), ε Br B the relative permittivity of the 
environment (in vacuum or air ε Br B ~ 1) , V the applied voltage and NBf B the number of fingers.  
The dimensions of the comb-drive electrodes are summarized in Figure 2.17. Finger length, width 
and thickness are respectively set to 350 µm, 20 µm and 200µm (AR=1:10). 
 
 
Figure 2.17-Comb-drive electrode dimensions 
 
2.4.1.3 Resonator flexures 
 
Flexure systems associated to electrostatic resonators have been analyzed and modeled by G. K. 
Fedder [2.26]. When comparing flexural systems, parameters such as direction of displacement, 
range of displacement and extensional stress have to be considered. The folded flexure is very 
favorable to large displacements in a single direction and also releases residual and extensional 
stress through the knees of the structure. Figure 2.18 summarizes the flexure dimensions of the 
designed resonator. 
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Figure 2.18-Resonator folded flexure dimensions 
 














wEtk =                     (2.2) and  (2.3) 
 
where E is the Young’s modulus of the structural material. Considering the dimensions 
introduced in Figure 2.16, the in-plane spring constant values are: k BxB = 23 N/m and kBy B= 82 N/m. 
The structure stiffness in the X-direction is 4 times lower than in the Y-direction. The resonator 
shuttle displacements are then constrained in the X-direction.  
 





0 =  (2.28) 
 
where m is the mass of the moving structure. In our case m~1.5 µg and fB0B~ 620 Hz.  
 
Although the mobile mask built within the thickness of the microresonator shuttle is intended to 
be statically actuated during metal deposition, resonance testing under varying temperatures, 
reproducing PVD chamber conditions, will provide important data in terms of displacement 
control.    
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2.4.1.4 Mask openings 
 
Finally the design is concluded by positioning the openings built within the thickness of both 
masks (Fig. 2.19). The fixed and mobile masks have identical openings, 20 microns wide and 200 
microns long. The relative position of the masks is adjusted such that the structure is normally 
closed. At rest, the shadow-mask structure does not allow metal particles to reach the substrate. In 
order to prevent fabrication irregularities and alignment issues, the distance separating both mask 
openings is set to 7 µm. 
 
 
Figure 2.19- Design of the shadow mask openings 
 
2.4.2 Fabrication  
 
2.4.2.1 Fabrication sequence 
 
Electrostatically actuated microresonant SU8 structures have been introduced by F. Cros [2.27] 
and T. Leichle [2.28], for characterization of SU8 properties and fabrication of a micro-compass, 
respectively. In this section, the fabrication sequence of a multi-layer polymer-based 
microactuated shadow masks structure is detailed. SU8-based microresonators acting as mobile 
masks are integrated over a polyimide layer in which the fixed mask is defined.  The fabrication 
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a) The fabrication sequence starts with the deposition of a 500 nm thick layer of PECVD 
silicon dioxide. 
b) A layer of Ti/Au (100 nm / 350 nm) is evaporated on the oxide. Titanium ensures adhesion 
of the gold layer to the silicon substrate.  
c) Electrodes are patterned into the gold layer using conventional photolithography with thin 
photoresist Shipley 1827 and Transene® gold etchant.  
d) The titanium layer is etched in 10% water diluted hydrofluoric acid (HF).  
e) A 3 micron thick polyimide layer is spun and soft baked over the polyimide adhesion 
promoter, VM652. A thin aluminum layer is patterned over the polyimide.  
f) Fixed mask openings and contacts are etched into the polyimide in a reactive ion etching 
reactor (RIE). After etching, the aluminum etch-mask is removed.  
g) The patterned polyimide layer is conformally coated with a sputtered-deposited Ti/Cu/Ti 
layer (100nm/500nm/100nm), acting as seed layer for the next electroplating step. 
h) 8 µm thick electroplating molds are defined into thick photoresist AZ 4620.  
i) A 5 µm thick nickel layer is electroplated using a sulfamate nickel bath at a current density 
of 2mA/cmP2 P for 10 minutes. The nickel layer is used as a sacrificial layer. 
j) PR AZ4620 is then stripped off.  
k) SU8 is spun on the substrate at 500 rpm, soft baked for 1 hour at 100°C, exposed with 
500mJ of UV light (i-line), post baked for 30 minutes at 90°C and develop for 15 minutes in 
propylene glycol monomethyl ether acetate (PGMEA). The SU8 layer is 200 µm thick. 
l) The microresonator is released by etching the nickel sacrificial layer using a solution of 
hydrochloridric acid and hydrogen peroxide diluted in water. The seed-layer is also 
removed. 
m) Finally, a conformal aluminum layer is sputter-deposited on the free-standing structure. Top 
horizontal surfaces and vertical sidewalls of the structure are electrically connected. The 
bottom of the overhanging anchors remains free of metals, insuring insulation of the device 
from the substrate. This step also insures proper electrical connections between the 
microresonator and the electrodes as well as insulation of the shuttle and the comb-drive 
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2.4.2.2 Fabrication results 
 
The results of fabrication are depicted in Figure 2.21. Figure 2.21.a shows a SEM tilted view of 
the overall structure. The openings of the mobile mask are built within the thickness of the 
microresonator shuttle. The comb-drive electrodes walls are very smooth and vertical (Fig. 
2.19.b). Figure 2.21.c shows a close-up view of the mobile mask openings. Figure 2.21.d presents 
a photograph of the microstructure taken under an optical microscope before final aluminum 
metallization. Internal stress in the SU8 results in formation of cracks initiated at the openings of 
corners. The cracks are superficial and will not affect the behavior of the microresonator. Proper 
alignment of fixed masks and mobile masks is also verified. 
 
Figure 2.21-Integrated microactuated polymeric multi-layer shadow masks: Fabrication 
results.(a) Overview of the polymeric microstructure;(b) close-up view of the comb-drive 
electrode; (c) SEM of the mobile mask built within the thickness of the microresonator shuttle; (d) 

















2.5.1 Preliminary tests  
 
While the position of the movable mask is intended to be statically adjusted during metal 
deposition, the resonator frequency response is extracted to verify proper functioning. The SU8 
resonator is tested in air, under a probe station (Fig. 2.22.a). High voltage (50 V) sinusoidal 
signals are applied to the microresonator, as depicted in Figure 2.22.b. The resonance peak (Fig. 
2.23.a) is recorded by monitoring the displacement of the shuttle under a microscope (Fig. 
2.23.b). Figure 2.23.a indicates that the resonance frequency of the tested resonator is on the order 
of 291 Hz. Since no polarization voltages have been applied, frequency doubling effects result in 
an electrical resonant frequency that is half that of the mechanical resonant frequency.  
 
 
Figure 2.22-Experimental setup. (a) The microresonator is tested in air under the optical 
microscope of a probe station.  (b) AC voltages are applied on the electrodes of the resonator.   
 
Figure 2.23 (a) Resonator frequency response. (b) Photographs showing the microresonator in 




























VBAC  B= 50 V 
Fr = 295.1 Hz 
Q ~ 30 
Electrical excitation frequency (Hz) 
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The microstructure will be utilized in the vacuum chamber of a PVD system while metal 
deposition occurs. Since no sensing circuitry has been developed for monitoring the in-situ 
behavior of the microdevice, preliminary tests under conditions similar to these of the evaporator 
are performed.  Two factors must be considered: 
 
 First, the increase of temperature transferred to the microdevice, by radiation from the heated 
metal source, is expected to affect the mechanical properties of the structural SU8.  
 Second, the reduction of viscous air damping in the vacuum chamber may modify the range of 
displacement of the microactuator. 
 
The temperature increase associated with metal deposition by thermal evaporation is expected to 
impact the resonator behavior. 
 
First, the temperature variations are tested while deposition occurs in the PVD system. A 200 nm 
thick aluminum layer is deposited on a test sample, while a thermocouple placed at the substrate 
surface records the temperature variations in real-time. The temperature increases up to 95°C. 
 
Second, the microresonator response to temperature variations is tested under a probe station. 
After fabrication, the devices are diced and placed on top of a thermistor. A DC current is run 
through the thermistor, and substrate temperature ramps up to 95°C. The graph, Figure 2.24, 
shows the resonator response, in term of resonance frequency, to a temperature increase from 
room temperature to 95°C.  Evolution of the resonance frequency of the resonator can be divided 
into three zones:  
 
 from 20°C to 35°C the frequency remains approximately constant;  
 from 35°C to 65°C the resonance frequency slowly decreases; 
 from 65°C to 90°C the resonance frequency falls rapidly.   
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Figure 2.24- Microresonator resonance frequency versus temperature. 
 
The resonance frequency drop observed with increase of temperature can be explained by several 
phenomena:  
First the temperature increase may generate thermal expansion of the structure, creating internal 
stress within the suspended beams. Since the folded flexure should theoretically release internal 
and extensional stress through the knees of the structure, this explanation is rejected.  
A more acceptable explanation is based upon mechanical softening of the non-fully cross-linked 
SU8 structure. Previous studies have shown a decrease of the Young’s modulus of polymers 
going though their glass transitions [2.29]. From Figure 2.24 and Equation 2.28, E BSU8B is expected 
to drop by 65%, from 3.8 GPa at room temperature to 2.5 GPa at 95°C. The spring constant of the 
microresonator in the lateral direction becomes k Bx,90°C B= 14 µN/m.  It has been demonstrated than 
processing and operating conditions influence the thermal and mechanical SU8 properties [2.30]. 
Even though the T BgB of fully-cured SU8 has been reported to a value of 200°C, when the SU8 
coating is not hard-baked, its TBgB greatly depends on the post-exposure bake. Figure 2.25.a shows 
that the T BgB of SU8 film is nearly identical to the baking temperature. Moreover, SU8 TBg B can be 
gradually increased by increasing baking times (Fig. 2.25.b)  
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Figure 2.25- Influence of post-exposure bake conditions on SU8 T Bg B. (a) Su8 T Bg Bvs. baking 
temperature; (b) SU8 TBgB vs. baking time at 95°C 
 
On one hand, increase of the post-exposure bake time and temperature can lead to higher glass 
transition temperatures, and therefore ensure more SU8 stability during metal depositions. On the 
other hand, the same process modifications may generate higher internal stress and cracks in the 
SU8 film. Considering that the presented process, optimized for the fabrication of the polymeric 
multi-layer shadow masks, has produced properly functioning structures, it is not recommended 
to change the processing conditions. Besides, the resonance frequency versus temperature test 
provides sufficient data to predict the SU8 behavior under temperature increase in the PVD 
system.  
 
The influence of viscous air damping variations on the displacement range of the microactuator, 
from atmospheric pressure to high vacuum level are now analyzed. Viscous air damping is 
recognized to be the primary source of energy dissipation of micromachined mechanical 
resonators [2.25]. The governing equation motion in the preferred direction of a spring-mass-
dashpot system is given as:  
     






    (2.29) 
 
where x is the resonator displacement, m its mass, k BxB its spring constant in the direction of 
motion, c the damping coefficient and F the forcing term. Considering that the microresonator 
will not be actuated in a dynamic mode when adjusting the position of the mobile mask over the 
fixed mask, the damping coefficient disappears from Eq. 2.29. Therefore, the static displacements 
recorded in air and in vacuum are identical. 
 
(b) (a) 
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2.5.1 Metal depositions through micro-actuated shadow-masks  
 
Experimental demonstration of the pattern transfer capabilities offered by the reconfigurable 
shadow mask technology is presented in this section. As mentioned earlier, the size of the metal 
deposits, transferred to the substrate, can be adjusted by controlling the relative position of the 
shadow masks. The patterning resolution depends on three parameters: 
 
 Definition of the microstencils dimensions and positions prior to mobile mask actuation 
 Microstructure geometry 
 Accurate movable mask displacement control 
 
The shadow masks are subject to process variations inherent to microsystem manufacturing. 
Metrology of the microstructure must follow the completion of each fabrication step. Specifically, 
measurements of the fixed mask openings after fabrication reveal that the patterns are 6 microns 
wider than expected. This variation is due to the characteristic isotropic nature of polymer dry-
etching in oxygen plasmas. The polyimide layer being 3 µm thick, lateral etching on the order of 
3 µm occurs on each side of the etch-mask. Moreover, the two masks present lateral 
misalignment on the order of 3 µm. Considering these process variations, the overlap between 
mobile mask openings and fixed mask openings still remains closed at rest.  Mobile mask 
displacement of 1 µm (compared to 7 µm by design) is sufficient to allow metal atoms to reach 
the substrate. Mask thickness as well as vertical separation between masks are measured using a 
profilometer. No unexpected variations are observed. Figure 2.26 shows the profile and top-view 
of the fabricated microstructure compared with the original design.  
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Figure 2.26-Fabricated microstructure compared to the original design; (a) profile; (b) top view 
 
The influence of the microstructure geometry on the size of the metal deposits obtained from 
metal deposition through single layer shadow masks was detailed in Section 2.2. The deposit size 
resulting from deposition of particles streaming through double-layer shadow mask structures can 
be extracted by adding the contributions of each mask to the overall spreading effect. The width 
of the mobile mask opening is set to 20 µm. The separation substrate-to-mobile mask is about 8 
µm. The substrate is considered aligned with the center of the 5 mm wide metal source positioned 
35 cm away from the substrate. Considering that the thickness of the mobile mask is 200 µm, the 
metal deposit is calculated to be 0.5% larger than source, i.e. 20.11 µm (Case 1, section 2.2). 
Moreover, since the fixed mask is fabricated over the substrate, the gap substrate-to-fixed mask is 
null and no spreading occurs. Integration of the microactuated structure greatly reduces spreading 
effect, characteristic to non-integrated shadow masks    
 
The preliminary tests presented in the last sections allow accurate in-situ control of the movable 
mask position, without sensing circuitry. Considering the readjusted value of the microactuator 
spring constant in the X-direction under temperatures of 95°C, and fabrication misalignments; a 3 
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applied to the microactuator electrodes and a 200 nm thick aluminum layer is evaporated onto the 
substrate. As expected, the substrate temperature rises to 95°C. After deposition, the mobile mask 
is manually removed. Figure 2.27.a shows the 26 µm wide fixed mask openings and confirms that 
aluminum has been deposited through the mobile and fixed masks onto the substrate. The 
deposited line is measured under SEM after manual removal of the masks. Figure 2.27.b shows 




Figure 2.27-Deposition results: (a) photograph taken though optical microscope after manual 
removal of the mobile mask. The fixed mask openings are 26 µm wide.  The shadow of the mobile 
mask is partially transferred onto the fixed mask. A narrow metallic line is visible in the fixed 





A pattern transfer method based on repositionable multi-layer polymeric shadow masks is 
introduced in this chapter. Dynamic adjustments of the relative position of multi-layer 
microstencils in a PVD system provide control of the overlap created by both mask openings and 
subsequently dictate the shapes and sizes of the metal deposits transferred on the substrate.  
Geometrical analyses are carried out to optimize the resolution of the pattern transfer technique. 
Patterned features resolution greatly depends on the geometry of the overall deposition system 
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Integrated microactuated multi-layer polymeric stencils are then designed, fabricated and tested. 
Behavior of the microstructure is characterized in air and under temperature variations 
reproducing the experimental condition encountered in PVD systems.  
Finally, in-situ adjustment of the overlap created by two microstencils layers enable deposition of 
metal microlines one order of magnitude smaller than the mask opening dimensions. While the 
development of these polymeric structures has successfully demonstrated the capabilities of the 
presented patterning method, polymeric shadow masks are likely not to be suitable to the 
definition of nano-scale structures. The strong dependence of polymers Young’s moduli to the 
temperature, and the deposition of metallic films at the surface of the movable microstencils, 
resulting into stiffness variation of the overall structures, are not favorable to sub-micron 
displacement control. The development of metallic microstencils exhibiting smaller dimensions 
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3 Surface micro/nanostructuring using micro-
actuated multi-layer shadow masks  
 
Micro/Nanostructuring using the reconfigurable shadow mask technology is presented in this 
chapter. Nano-scale patterning as well as definition of three dimensional structures is 
demonstrated, without the need for nanolithography. The concept of microactuated multi-layer 
shadow-masks for micro/nanostructuring is presented in Section 3.1. Microactuated multi-layer 
stencils, fabricated using standard microfabrication technologies, are dynamically positioned in 
the vacuum chamber of a PVD system. As presented in Chapter 2, by adjusting the overlap of the 
shadow masks openings, the transmitted deposits sizes and shapes may be individually defined. 
Application of this technology to nano-scale patterning requires excellent control of the mobile 
masks displacement as well as the relative position of each mask prior to actuation.  Section 3.2 
focuses on design (Section 3.2.1), fabrication (Section 3.2.2) and tests (Section 3.2.3) of single-
layer microactuated shadow-masks exhibiting controlled nanoscale displacements. Using the 
active microshutters, nano-scale patterning of deposited films, varying spatially as well as 
compositionally, in the x, y, and z-dimensions are demonstrated. Excellent alignment of the 
stencils is insured by development of a novel fabrication technique based upon polymer laser 
ablation through microactuated shadow-masks (Section 3.3). This fabrication technique is also 
applied to micro/nanostructuring of epoxy SU8.  Finally, deposition of metal nanolines on 
selected areas of the substrate is demonstrated (Section 3.5). 
 
3.1 Locally controlled metal deposition for nano-patterning: concept 
 
The general concept of the reconfigurable shadow-mask technology was introduced and 
demonstrated in the previous chapter. In this chapter, the reconfigurable shadow mask technology 
is applied to the deposition of metal nanolines using standard microfabrication techniques. Figure 
3.1 shows a set of individually addressable multi-layer microactuators acting as local active 
shutters that allow transmission of metal particles only on selected areas. In Figure 3.1.a, the 
microactuator is off; the openings of the mobile and fixed masks are aligned. The lines deposited 
on the substrate are defined by the mask opening widths. In Figure 3.1.b, the microactuator is 
actuated and the mobile mask, built within the thickness of the actuator shuttle, is slightly 
laterally moved. Therefore, the width of the deposited line is defined by the size of the overlap 
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created between mobile and fixed masks: nanolines are deposited. In Figure 3.1.c, the mobile 
mask is moved to another location. The shadow masks are fully misaligned: no metal is deposited 
onto the underlying substrate. 
 
Figure 3.1-Locally controlled metal deposition for nano-patterning: Technology concept: (a) 
Fixed and mobile masks are aligned: the metal line deposited on the substrate is defined by the 
fixed mask projection; (b) the microsystem is actuated: the width of the deposited line is defined 
by the size of the overlap created between mobile and fixed masks. A nanoline is deposited; (c) 
the microsystem is actuated to a different position: both mobile and fixed mask are fully 
misaligned. No deposited material reaches the substrate 
 
This approach enables direct patterning of deposited films, varying spatially as well as 
compositionally, in three dimensions. The technology takes advantage of the wide range of 
materials that can be evaporated in a PVD system. Not only the shape of the structure can be 
defined but its composition can also be adjusted by controlling the nature of the transmitted metal 
particles. Therefore, a wide variety of structures can be patterned without ever breaking vacuum 
and going through multiple photolithography and etching steps. Moreover, since the shadow-
masks can be surface micromachined onto the substrate, excellent alignment may be achieved, 
and transmission of the dynamic mask may occur with high fidelity. 
 
A set of conditions have to be met in order to define nanoscale features using the presented 
approach: 
 
 Deposition of nanolines relies on accurate definition of the overlap of the masks. The 
microactuator shuttle in which the mobile mask is fabricated must exhibit controlled nano-scale 
displacements. 
 The geometry of the multi-layer microstructure must be optimized so that the spreading effect 
is minimized, and subsequently the resolution of the features maximized. Integration of the 
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characterized with nano-scale resolution. In order to avoid misalignment issues inherent to the use 
of mask aligners, a fabrication process defining self-aligned shadow-masks is developed.  
 The shadow-masks must be removable. They are used as microtools to accomplish one 
patterning step toward the fabrication of a more intricate device. When considering potential 
sequences for the fabrication of the micro shadow-mask, factors such as fabrication simplicity, 
reliability and reproducibility have to be taken into consideration.  
 
 
3.2 A microactuator exhibiting controlled nano-scale displacements: 




3.2.1.1 Indexed nanoscale-displacements 
 
In the past 20 years, various actuation methods have been introduced for the development of 
microsystems. Electromagnetic [3.1, 3.2], electrostatic [3.3], electrothermal [3.4], and 
piezoelectric actuations [3.5] are among the most commonly used. When considering modes of 
actuation and displacement control, electrostatic clamping was chosen to ensure accurate control 
over the range of displacement. Figure 3.2 shows a schematic of the microactuator.  
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The microactuator is composed of three independent elements: 
 The first element is a central annular shuttle consisting of a free-standing, electrically-
grounded structure supported by four bending beams that allow in-plane shuttle displacement. 
Defined within the shuttle thickness is a set of rectangular openings allowing evaporated metal to 
reach the substrate. Therefore, the patterns of the deposited film depend on the displacement of 
the shuttle while depositions occur.  
 The second element is composed of a series of fixed electrodes surrounding the moving 
shuttle, which are used for electrostatic drive of the actuator. 
 The third element comprises fixed stoppers, held near electrical ground by a resistance meter. 
The stoppers are designed to be closer to the shuttle than the electrodes.  
   
When DC voltages are applied to a single electrode, the shuttle clamps onto the nearest stopper. 
Electrostatic clamping ensures fixed displacement. In order to induce displacements of various 
amplitudes and in the nano-scale while using standard microfabrication techniques, the shuttle 
has been shaped as a circle. Its displacement is then defined by the position of the attractive 
electrode around the perimeter of the circle. The displacement of the shuttle in the X-direction is: 
 
)cos(. αstoppershuttlex gd −=  (3.1) 
 
where g Bshuttle-stopperB is the gap between shuttle and stopper and α is the angle between electrode and 
the X-axis. As mentioned above, the gaps between electrodes, stoppers and shuttle are defined by 
photolithography. The electrodes are designed to be 0.5 micron further away from the shuttle than 
the stoppers. Even though the gaps are on the order of one or two microns, the resulting 
displacement is controlled in the nano-scale range. As the angle between the attracting electrode 
and the X-axis increases, the displacement in the X-direction decreases as the cosine of the angle.  
Table 3.1 summarizes the shuttle displacement as a function of the gap shuttle-to-stopper and the 
angle α.   
 
Table 3.1-Mobile mask displacement table 
gBshuttle-stopperB 
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Specifically, consider a device exhibiting a gap shuttle-to-stopper of 1.5 µm. If the attracting 
electrode is positioned at a 60° angle with respect to the X-axis, the displacement of the shuttle in 
the X-direction is 0.75 µm. In the same manner, an attracting electrode located at an 80° angle 
with respect to the X-axis leads to a shuttle displacement of 0.28 µm in the X-direction. The 
position of the shuttle is indexed and mechanically defined. The stoppers are held near ground 
through a resistance meter. The shuttle is also held at ground. Clamping of the shuttle on a given 
stopper is verified when the resistance between both elements falls from very high values. 
Displacement over a range a several microns is allowed and control within the nano-scale is 
ensured, without complex sensing circuitry. 
 
3.2.1.2  Suspension flexure 
 
Four flexures are commonly used in micromechanical designs: fixed-fixed flexure, crab-leg 
flexure, folded flexure, and serpentine structure [3.6]. Range of motions, sensitivity, axis of 
displacement, extensional and residual stress have to be considered when choosing a flexure. In 
order to generate nanoscale displacements using the previously introduced method, the 
microactuator shuttle must enable motion in both directions of the plane. The crab-leg flexure is 
of great interest in this work since it exhibits equal spring constants in both directions of the plane 
when the arms of the flexure are identical (Fig. 3.3). The spring constant of a symmetrical crab-









Etwkkk ===  (3.2) 
 
where E is the Young’s modulus of the structural material; t, w Bb B and LBb B are the height, width and 
length of each arms of the flexure, respectively. The dimension of the arms and the resulting 
spring constant values (kBx B = k ByB = 1.47 µN/mP-1) P are summarized in Figure 3.3.   
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Figure 3.3- Mobile mask flexure dimensions and resulting spring constants 
 
The microactuator shuttle is actuated by electrostatic forces through parallel plate electrodes. The 
shuttle clamps onto the stopper when 2/3 of the gap electrode-to-shuttle has been closed 
(electrostatic “pull-in”). The electrode length, LBppB is set to 200 µm by design, while its thickness, 
t, is determined by the fabrication technology utilized (Section 3.2.2.2), i.e. 7 µm.  The voltage 














0εε  (3.3) 
 










−=  (3.4) 
 
where k Bx B is the spring constant of the flexure in the X-direction. 
 
g Bshuttle-electrodeB  2/3 gBshuttle-electrodeB g Bshuttle-stopperB DC Voltages 
1 0.67 0.5 27.5 
1.5 1.0 1 50.7 
2 1.23 1.5 77.8 
2.5 1.67 2 108.7 








L BbB= 400 µm 
wBb B= 3 µm 
t= 7 µm 
E BNi B= 200 GPa 
 
k BxB = k By B = 1.47 µN/mP-1 P 
wBb B 




Fabrication of the microactuated mobile mask focuses on the development of a process: 
 based on standard fabrication technology,  
 with a limited number of photolithography, deposition and etching steps 
 allowing removal of the microtool after use, without damaging the deposited patterns. 
In order to optimize control of the movable mask position it is preferable to minimize the stiffness 
variations resulting from depositions of metal films at the surface of the microactuator, hence to 
fabricate a metallic microactuator.   
 
3.2.2.1 LIGA-like fabrication process 
 
The introduction of LIGA (lithographie, galvanoformung, and abformung), by E.W. Becker et al. 
[3.7] in 1982, has given the microsystem community the ability to built high aspect-ratio out-of 
plane structures. Over the past twenty years, metal electroforming in micro-molds has become a 
baseline process for the fabrication of microstructures. In general the process (Fig. 3.4) is to form 
a mold using lithography (Fig. 3.4.a and b), electroplate into this mold to form a metallic structure 
(Fig. 3.4.c), and then to remove the mold and reveal the completed structure (Fig. 3.4.d). In the 
past, this was typically accomplished using polymethylmethacrylate (PMMA) and X-ray 
lithography. However, this technique was later broadened to include many other types of 
lithography and mold materials.  
 
Figure 3.4- The LIGA process: a substrate is coated with a definable polymer, (a), and is defined 
in a desired shape by lithography, (b). Metal is then electroplated in the area cleaned by the 
lithography step, (c), and the polymer is removed, (d) 
 
With the introduction of thick photoresists such as AZ4620, PLP100, SPR220, or SU8, the 
electroforming technique possibilities have been far extended. Specifically, high resolution 
photoresists defining small capacitive gaps and large electrode areas represent a great asset to 
electrostatic actuation scheme. In this work, photoresist SPR220 developed by Shipley is chosen 
for the fabrication of electroplating molds. Even though the thickness of the photoresist film 
(b) (c) (d) (a) 
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remains below 10 microns, aspect ratios on the order of 1:10 are achievable. Therefore, capacitive 
gaps on the order of 1 µm may be defined. Epoxy SU8 exhibits similar or higher aspect-ratio 
values but reactive ion etching is necessary to remove the micro-molds. Three-dimensional views 
of the micro molds fabricated with SPR220 photoresist are presented in Figure 3.5. Figure 3.5.a 
shows the electroplating mold defining a part of the microshutter. The electrode-stopper-shuttle 
area can be viewed in Figure 3.5.b.  The mold walls are nearly vertical (88°) and very smooth. 
 
 
Figure 3.5-Non-contact profilometer views of the  micromolds defined with photoresist SPR220; 
(a) mobile mask openings; (b) electrode, stopper, and annular shuttle 
 
LIGA-like processes depend on metal deposition to replicate the master photoresist mold. This 
additive process might involve electroless metal deposition, or electrodeposition.  Nickel, along 
with copper, is one of the most widely used metals in electroplating LIGA and LIGA-like 
structures. The electroplating principle is guided by the reduction of a metal species onto a 
desired part. In the case of nickel electroplating, shown Figure 3.6, the part is immersed in an 
electrolytic bath and an external power source supplies electron for the reduction to occur. The 
anode can serve as both an electrode for carrying the current as well as a source to replenish the 
ionic species in the electrolyte bath.  
 
Figure 3.6-Nickel plating bath solution showing the position of the electrodes and the reduction 
of nickel from the ionized species in the bath onto the substrate of the cathode. An external power 














3.  Surface Micro/Nanostructuring using Microactuated Multi-layer Shadow Masks 
 59
The morphology and mechanical properties of electroplated structures depend on parameters such 
as electroplating bath chemistry, current density, processing time and anode type. The 
composition of a nickel sulfamate bath optimized for electrodeposition is presented in Table 3.3. 
In addition to nickel sulfamate and boric acid as a buffer, a small quantity of an anion-active 
wetting agent is added. The bath is operated at 50°C and at pH value between 3.5 and 4.0. Harsch 
et al. [3.8] studied the internal stress in 5 µm thick films (Fig. 3.7).  When electroplated at current 
densities of 2 A/dmP2 P, 5 µm thick films showed no stress.  At a current density value of 2 A/dmP2 P, 
the growth rate is about 0.5 µm /min. The Young’s modulus of electroplated Nickel film is 
reported in [3.9] to be 190 GPa. In addition to the deposition of stress-free films at high speed, 
sulfamate bath mixed with wetting agents produce deposits with a mirror-like finish. The 
sidewalls of the electroplated structures are also extremely smooth. Therefore, nickel is chosen as 
the structural material for the movable shadow mask.  
 
              
Table 3.3-Composition and operating conditions of nickel sulfamate bath 
 
Figure 3.7-Electroplated nickel layer internal stress vs. film thickness for various current 
densities  
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3.2.2.2 Fabrication sequence 
The microactuated shadow mask fabrication process is depicted in Figure 3.8.  
 
a) The sequence begins with the deposition of a 300 nm thick plasma enhanced chemical vapor 
deposited (PECVD) silicon dioxide. The oxide layer is an insulation layer and also a sacrificial 
layer for later removal of the microtool. 
b) 3 microns thick seed layer of titanium (20 nm) / copper (3 µm) / titanium (20 nm) is sputtered 
deposited on the substrate.  
c) Photoresist SPR220 is spun, soft-baked at 110°C for 3 minutes, exposed under a g-line UV 
source with a dose of 380 mJ/cm P2 P, post-baked at 70°C for 1 minute and developed in MF-319 
developer for 90 seconds. 
d) The substrate is dipped into the nickel sulfamate bath previously described for 14 minutes, 
leading to electrodeposition of a 7 µm thick nickel layer. (Current density 2 A/dmP2 P). 
e) The photoresist molds are stripped off in solvent and the microactuator is released using the 
following sequence: 
 
 Titanium etching: 10 seconds in 10% HF  
 Copper etching: 20 minutes in a solution of ammonium hydroxide saturated in 
cupric sulfate. This etchant, also called “blue etchant”, attacks copper without 
damaging the nickel layer. The etching step is timed such as the microactuator shuttle 
is released and copper remains under the anchor points. 
 Titanium etching: 10 sec in 1% HF 
 SiOB2 B etching: 4 min in buffer oxide etch (BOE) 
 To prevent stiction between the free-standing mobile mask and the substrate, the 
sample is soaked in methanol, acetone and isopropanol for 10 minutes, respectively. 
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3.2.2.3 Fabrication results 
 
Results of fabrication are presented in the next set of figures. SEM Figure 3.9 shows an overall 
view of the device. The annular shuttle is surrounding by electrodes and stoppers. A crab-leg 
flexure ensures suspension of the mask over the substrate. Figure 3.10.a focuses on the annular 
shuttle, and the surrounding electrodes and stoppers. The shuttle was partitioned into several thin 
trusses to facilitate the etch step. Figure 3.10.b shows a close-up view of the mobile mask 
openings. Figure 3.11 shows close-up SEM shots of the gaps between shuttle, electrodes and 
stoppers. In Figure 3.11.a the gap between the central shuttle and the electrode is 2 µm, while in 
Figure 3.11.b, the gap is 1.5 µm. On both pictures, the stoppers are 0.5 µm further apart than the 
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Figure 3.10- (a) SEM of the central shuttle, electrodes and stoppers; (b) Close-up view of the 




Figure 3.11- close-up SEMs of the gaps between shuttle, electrodes and stoppers. (a) The gap 
between the central shuttle and the electrode is 2 µm; (b) the gap between the central shuttle 
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3.2.3 Packaging and tests 
 
3.2.3.1  Preliminary tests 
 
Preliminary tests are conducted in air, under a probe station, to verify proper functioning of the 
microactuator. DC voltages are applied to the electrodes of the microstructure. The shuttle is held 
to electrical ground. The stoppers are held near electrical ground through a resistance meter. 
Mechanical clamping of the annular shuttle onto the surrounding stoppers is detected when the 
resistance read on the multimeter falls from very high values. Optical pictures taken through the 
microscope of the probe station (Fig 3.12) show close-up views of the electrode/shuttle/stopper 
area. The initial gap shuttle-to-electrode, and shuttle-to-stopper are respectively 2 µm and 1.5 µm. 
Fig 3.12.a shows a picture of the system when no actuation voltage is applied. The gap between 
shuttle and stopper is visible. Fig 3.12.a shows mechanical clamping of the shuttle onto the 





Figure 3.12-Microactuated mobile mask test. Optical pictures taken through the probe station 
microscope. (a) View of the system when no actuation voltage is applied. Initially, the gap 
shuttle-to-electrode, and shuttle-to-stopper are respectively 2 µm and 1.5 µm. (b) Mechanical 
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3.2.3.2  Packaging 
 
When proper functioning of the microactuator is verified, the microsystem is mounted and wire 
bonded into a conventional dual-in-line (DIL) package. In order to protect the electrodes and pads 
from shorting while metal deposition occurs, the package is capped with a drilled 50 micron thick 
Kapton film. A 200 x 200 micron square hole is etched by laser ablation into the Kapton film, and 
manually aligned to the center of the device (Fig 3.13). The package is connected to a solderless 
protoboard, and the board is then placed upside down into a filament evaporator. Electrical 
feedthroughs into the vacuum chamber allow remote operation of the microactuator. 
 
Figure 3.13-Microactuator packaging 
  
3.2.3.3  Metal depositions 
 
Controlled nano-scale displacements of the mobile mask are verified in this section. Directional 
metal deposition is carried out through microactuated structures. After depositions, the metallic 
lines are measured using an atomic force microscope (AFM). Two experiments are conducted 
with two different devices. 
 
 In both cases, the mask openings are measured under an SEM. They are 1.1 µm wide. The 
shadow mask is 7 µm thick. The microstructures are aligned to the center of a 5 mm wide metal 
sources and the separation source-to-substrate is approximatively 35 cm. The gap between 
shadow masks and substrate is defined by the thickness of the seed/sacrifical layer, i.e. 3 µm. 
From geometrical analyses presented in Section 2.2, the projection of the shadow masks onto the 
substrate is calculated to be 3.9% larger than the mask opening, or 1.14 µm (Case 1, Section 2.2). 
Considering than the size of the openings have not be measured within 0.01 µm accuracy, the 
spreading effect resulting from the separation of the shadow mask and the substrate is considered 










The device used in the first experiment presents a 2 µm gap between stoppers and the shuttle. The 
attracting electrode was fixed at a 40° angle from the X-axis. The shuttle is clamped onto the 
nearest stopper under 100 Volts DC. The expected displacement of the shuttle in the X-direction 
is 1.5 µm. The mask openings are 1.1 µm wide. After placing the device in the PVD system, a 15 
nm thick layer of chromium is evaporated through the non-actuated device. The micro-system is 
then actuated, and without breaking vacuum, a layer of copper (40 nm thick) is evaporated 
through the repositionned shuttle.  
When the deposition is completed, the sample is removed from the vaccum chamber.  The 
microsystem is then manually removed from the substrate and the deposited patterns are analyzed 
by AFM.  Figure 3.14.a shows an image of the recorded data. Figure 3.14.b displays the profile of 
the deposited pattern.  Two lines are deposited next to each other; each line is 1.1 µm wide and 10 
µm long. The spacing between the two lines is 0.3 µm. The width of the opening being 1.1 µm, 
the displacement of the shuttle had to be 1.5 µm to generate such a pattern. This result confirms 
correct positionning of the mobile mask. 
 
 
Figure 3.14-Device 1: (a) AFM image of the deposited line. (b) Pattern profile: Two lines are 
deposited next to each other; each line is 1.1 µm wide and 10 µm long. The spacing between the 
two lines is 0.3 µm. The width of the opening being 1.1µm, the displacement of the shuttle had to 







Spacing: 0.30 µm 
 
(a) (b) 




A second experiment is conducted using another device. In this case the gap between stoppers 
and shuttle is 0.9 µm. The attracting electrode is fixed at a 40° angle from the X-axis. The 
clamping of the shuttle onto the nearest stopper required 20 volts DC. The expected displacement 
of the shuttle in the x-direction is calculated to be 0.7 µm. First, an 80 nm thick layer of chrome is 
deposited through the non-actuated device. Then a 100 nm thick layer of copper is evaporated 
through the repositionned shuttle.  
The deposited structure is investigated with an AFM (Fig. 3.15).  Two 1.1 µm wide and 10 µm 
long lines are overlapping each other by 0.4 µm. In order to obtain this overlap, the opening had 
to move 0.7 µm in the x-direction. The displacement gererated in the PVD chamber  matches the 
expected calculated displacement. Completion of this second experiment demonstrates the 




Figure 3.15-Device 2: (a) AFM image of the deposited line. (b) Pattern profile: Two 1.1 µm wide 
and 10 µm long lines are overlapping each others by 0.4 µm. In order to obtain this overlap, the 
opening had to move 0.7 µm in the x-direction. The displacement gererated in the PVD chamber 
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The use of microactive shutters increases versatility of metal depositions in PVD systems. Not 
only different metals can be patterned wihout breaking vacuum, but the patterning can also be 
controlled within the nanoscale without requiring to nanolithography. Moreover, the second 
experiment demonstrates that three-dimentional strcutures can be fabricated by controlling the 
overlap of the deposited metallic lines. In this work, the devices are actuated between metal 
evaporations, but one could imagine repositionning the active microshutters while depositions 
occur, and create even more intricate three -dimensional structures.  
 
 
3.3 Material etching through microfabricated masks 
 
The concept of surface patterning using shadow masks is not restricted to materials deposition, 
but may also be applied for etching purposes. By controlling the position of the shadow masks in 
situ, while etching occurs, trenches and cavities exhibiting high aspect ratios and dimensions 
varying in the three dimensions may be created. This concept is demonstrated in the following 
section. Moreover the etching technique will be applied to define the polymeric fixed mask by a 
self-alignment process based on laser ablation of polymer through the metallic movable shadow 
mask. Indeed, standard microfabrication processes mostly rely on mask-aligners for defining 
etch-masks into multiple photoresist layers. Because optical alignment within the nano-scale is 
not achievable, a process based on laser ablation of polymer though free-standing microfabricated 
nickel mask is developed for the fabrication of self-aligned structures. The presented technique 
will then be generalized  to the micro-nanostructuring of polymeric materials. 
 
 
3.3.1 Polymer laser ablation: introduction 
 
The light generated by a laser (light amplification by stimulated emission of radiation) source is 
nearly monochromatic and higly coherent. The emission of light is caused by the excitation and 
relaxation of chemical species between metastable and stable energy levels.  Gas-charged 
chambers with excitation electrodes along the length of the chamber generate relatively unform 
enegry distributions across their beam. High energy lasers are also charaterized by their ability to 
ablate materials that absorb their wavelength well [3.10]. Of particular interest were the first 
reports of micromachining using ultraviolet light (UV) excimer lasers [3.11]. For many devices, 
laser ablation presents an attractive alternative to the typical photolithography, wet development, 
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and etching processes.  The first large scale incorporation of laser machining in microelectronics 
applications was in the drilling of vias for packaging applications. Siemens introduced the process 
in their multichip module in 1988 and it is now regarded as the most versatile, reliable, and high 
yield technology for creating microvias [3.12]. Since then, the impact of laser machining on the 
MEMS community has been largely in the creation of ink jet printers. Most ink jet printer heads 
sold currently are excimer laser drilled. Beyond drilling holes, the versatile nature, and high 
quality of the parts machined by lasers makes them natural tools for the MEMS community. 
 
3.3.2 Laser ablation of SU8 through microfabricated masks: Development of a 




Standard microfabrication tools, such as mask-aligners, relying on optical alignment, do not 
provide sufficient resolution to achieve layer alignment with nano-scale resolution. The first part 
of this chapter focused on the fabrication of mobile shadow masks exhibiting controlled 
displacements in the nano-scale range. While the displacement of the mobile masks must be 
accurately controled, the initial relative position of both masks must also be determined within 
the nano-scale. In the following section, the nickel microactuator acts as a shadow mask not only 
during metal deposition but also for definition of the fixed mask.  
 
The concept is depicted in Figure 3.16. The microactuator previously introduced is built on top of 
a polymer layer (Fig 3.16.a).  SU8 is chosen as the fixed mask structural material, because of its 
easy accessibility. A wide variety of polymers could also be considered.  The mobile mask is 
free-standing over the SU8 layer.  An excimer laser is used to etch the SU8 layer through the 
openings of the nickel mobile mask (Fig. 3.16.b).  Even though the laser beam diameter is much 
larger than the patterns defined in the mobile mask, the photons impinging on the metals are 
reflected, and the ones going through the mobile mask opening reach and ablate the SU8 layer.  
The fixed mask defined within the thickness of the SU8 layer is a replica of the mobile mask.  No 
extra photolithography, etching, deposition, or alignment steps are required. Both masks are 
nearly perfectly aligned.  Laser ablation is chosen over any wet- or dry-etching processes because 
of the high directionality of the etching agent.  The material to etch is not directly in contact with 
the etch-mask. Other wet- or dry-etching processes, even though highly anisotropic, are difficulty 
able to reproduce the same pattern.  With laser ablation, the etched pattern is not affected by the 
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spacing between the two layers.  Moreover, thanks to its serial yet rapid-prototyping capabilities, 
laser ablation ensures reliability and reproducibility when defining sub-micron resolution 
openings across an entire substrate. 
  
 
Figure 3.16-Definition of the fixed mask into a polymer layer by laser ablation through the nickel 
mobile mask. (a) The microactuated mobile mask is built over a SU8 layer; (b) the photons of the 
reach the SU8 layer through the mobile mask openings. The fixed mask defined within the 
thickness of the SU8 layer is the replica of the mobile mask 
 
 
3.3.2.2 Ablation results 
 
The excimer laser (Resonetics Micromaster) utilized in this work generates a laser beam at a 
wavelength of 193 nm. While the wavelengths set by the the mixtures of gases in the chamber 
(Ag and F), fluence, number of pulses, repetition rates, beam diameter remain adjustable.   
 
Laser ablation of SU8 through micromachined free-standing nickel masks with 193 nm laser 
beams is investigated. The micromachined nickel mask is 7 µm thick and presents 1.6 µm wide 
openings. Moreover the free-standing mobile mask lies 2 µm over the epoxy layer. Figure 3.17.a 
shows a drawing of the sample profile, with dimensions of the various elements. SEM pictures of 
the ablation results are shown in Figure 3.17.b to 3.17.d. Laser ablation settings are as follows: 
energy density: 1 mJ/cmP2 P; pulses number: 50 (100 Hz); beam diamater: 20 µm. Figure 3.19.b 
shows the footprint of the laser beam on the side of the nickel beam. Figure 3.17.c displays a 
tilted SEM view of the SU8 layer after manual removal of the nickel mask. The ablation of 
materials using an excimer laser presents the charateristic of producing structures with tapered 
sidewalls. Indeed, the ablation of the layers by successif series of pulses results in sidewalls 
presenting tapers on the order of 3°. As a resutl the fixed mask opening is 1.7 µm wide at the top 
of the film and 1.2 µm wide at the bottom (Fig. 3.17.d).  
(a) Laser beam (b) Laser beam 
Mobile 
SU8  
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The etch process is then repeated with different laser energy densities and numbers of pulses in 
order to determine the optimal laser settings.  Energy densities and number of pulses respectively 
varying from 0.5 to 1.6 J/cmP2 P and 30 to 1000 are tested to ablate the 4 µm thick SU8 layer 
through the openings of the nickel mask. Figure 3.18.a shows an SEM top view of the different 
laser shots. The nickel mask is visible on the picture. Figure 3.18.b shows the SU8 layer after 
manual removal of the etch mask. The etch patterns are measured with an SEM (Fig 3.19.a and 
b). The measurements, identical within the SEM margin of error, are summarized in Tables 3.4.a 
and 3.4.b. Tapered sidewalls are consistently observed. As long as the laser energy density is 
large enough to fully ablate the SU8 layer, the laser settings do not impact the shape of the etch 
pattern.  
 
In order to accelerate this serial fabrication step, the laser spot is increased to a diameter of 300 
µm. SEM figure 3.20 shows the annular shuttle after laser ablation. The etched pattern resulting 
from laser ablation with a large beam size are identical to those previously described.  
 
These results demonstrate the fabrication of self-aligned shadow masks using laser ablation of 
SU8 through free-standing micromachined nickel mask. The final reconfigurable shadow masks 
structure will be constituted of a nickel mobile mask and an SU8 fixed mask. At rest, the 
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Figure 3.17-SU8 laser ablation through micromachined nickel mask.(a) Drawing of the sample 
profile with dimensions of the different elements. (b) SEM top view of the sample after etching of 
the polymer layer through the nickel mask. The footprint of the laser beam  is visible  next to the 
10 µm wide etch mask. (c) Tilted SEM view of the SU8 layer after manual removal of the nickel 
mask showing the etch result. (d).Measurement of the etch pattern:1.7 µm wide at the layer suface 



















Laser beam footprint 
in SU8 layer  
Ablated SU8 layer: 
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Figure 3.18-Laser settings adjustments. (a) SEM top view of the sample after shooting the SU8 
layer thought the fixed masks. Different energy densities as well as number of pulses are tested; 
(b) SEM of the SU8 layer after removal of the fixed mask 
 
 
Figure 3.19-SEM measurements of etch patterns resulting from different laser settings. (a) 30 



























Pulse numbers: 50  
Various energy (mJ/cmP2) P 
(a) (b) 
Energy density: 0.5 mJ/cmP2 P 
Various pulse numbers 
(a) (b) 
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Table 3.4-Laser setting adjustments; (a) etch pattern size vs. number of laser pulses; (b) etch 
pattern size vs. laser beam energy density 
 
 
Figure 3.20-Definition of the entire fixed mask by laser ablation of SU8 through free-standing 
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3.3.3 SU8 micro-nanostructuring  
 
In Section 3.3.2, micro-nanopatterning has been demonstrated by adjusting the position of  
microfabricated active shutters under evaporated metal particles. In this section, the patterning 
technique is generalized to nanostructuring of polymer though laser ablation.  
 
In terms of directionnality laser ablation is very similar to metal evaporation. In both cases, 
metals particles and photons travel in straight lines. The etch patten obtained from metal 
deposition through microactuated shadow masks are expected to be reproduced in the SU8 layer 
by laser ablation though active microshutters. The microshutters are integrated on top of a 3 
micron thick SU8 layer.  The microactuator utilized in this section exhibits 2 µm wide gaps 
between the central shuttle and surrounding stoppers. The mask openings are 1.5 µm wide.  Two 
experiments are conducted. In both cases the excimer laser wavelenght is set to 193 nm, the 




First, the laser beam strikes the epoxy layer though the non actuated nickel mask. A 1.6 µm wide 
hole is etched into the epoxy layer (Fig 3.21.a). The nickel mask is then actuated by an electrode 
located at a 10° angle  with respect to the X-axis. The motion of the mobile mask is 
appromatively 2 µm. A second laser ablation occurs through the repositioned mobile mask. 
Figure 3.21.b shows the etch pattern resulting from the successive ablations after manual removal 
of the nickel mask. Two 1.6 µm wide holes are etched into the SU8 layer. The SU8 wall 















Figure3.21-(a) SEM of the SU8 layer after laser ablation through a non-actuated microshutter. 
(b) After the second ablation through the actuated mobile mask, a second hole is created into the 
SU8 layer. (c) Tilted SEM view of the resulting ablation. The wall between the two etch patterns 
















In the second experiment the microshutter is actuated such as the mobile mask is lateraly moved 
by 1.5 µm. A first ablation occurs. The mobile is then repositioned in its initial position and a 
second ablation occurs. Figure 3.22.a shows an SEM top view of the epoxy layer after both 
ablations and removal of the movable nickel mask. The displacement of the mobile mask being 
smaller than the opening width, the two etch patterns are overlapping and create a 3.15 µm wide 
well. Figure 3.22.b shows a tilted SEM view of the SU8 layer after ablations. 
 
Figure 3.22- SEMs of the epoxy layer after laser ablations and removal of the movable nickel 




Creation of nanostructures within SU8 layer is demonstrated. The SU8 layer thickness was 
restricted to 3 µm, but this patterning technique may be generalized to much thicker films. Aspect 
ratios on the order of 1:30 may potentially be achieved by increasing the SU8 layer thickness. 
The type of etch patterns defined in the first experiment can also be used as electroplating molds 
for LIGA-like processes. Moreover, by controlling the number of laser pulses striking the 
polymer while the mobile mask is dynamically positioned under the laser beam, nano-scale 
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3.4 Nanoline depositions through microfabricated multi-layer shadow   
masks 
 
The fabrication and test of microactuated mobile masks, exhibiting nanoscale displacement has 
been developed in Section 3.3.2. Self-alignment of mobile and fixed mask was demonstrated in 




The multi-layer shadow mask structure is fabricated with a single photolithography step, and a 
small number of deposition and etching steps. The fabrication is CMOS compatible and allows a 
fast turn-around. Moreover, the microtools may be removed after use. The fabrication sequence 
of the entire structure is depicted in Figure 3.23. 
 
a) The process begins with the deposition of a 500 nm thick layer of PECVD SiO B2 B. The oxide 
layer has two purposes. First it is used as an insulator to avoid shorting of the electrodes. 
Second, the oxide layer also acts as a sacrificial layer. When metal deposition is completed, 
the device may be lifted off the substrate by etching the oxide.   
b)   A 4 µm thick SU8 layer is spun, softbaked, fully-exposed and post baked. No patterns are 
defined within this layer yet. 
c)   A Ti (20 nm) / Cu (2 µm) / Ti (20nm) sacrificial layer is sputtered-deposited on the SU8 layer.  
d)   Electroplating molds are structured into the photoresist SPR 220. 
e)    Nickel is electroplated into the molds. The mobile mask is now structured. 
f)    After stripping of the photoresist, the nickel mobile mask is released by time-etching the 
copper sacrificial layer.  
g) Using an ArF excimer laser, the SU8 layer is ablated though the free-standing nickel mask 
(30 pulses at 1 J/cmP2 P; spot size: 300 µm). At this point in the fabrication, both masks are 
defined. 
h) Finally the sample is dipped in BOE for 5 minutes in order to etch the oxide exposed 
underneath the fixed mask. The etching step is timed so the fixed mask openings present a 
small overhang. Separation of the fixed mask from the substrate is essential to avoid 
continuous metal coating between the fixed mask sidewalls and the substrate. 
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3.4.2 Metal depositions 
 
After fabrication, the microstructures are packaged in the manner previously introduced when 
testing the displacements of the mobile mask (Section 3.2.3.2). The multi-layer shadow masks are 
then placed in a feedthrough-equipped filament evaporator. A 100 nm thick copper layer is 
deposited onto identical devices, operated in three different operation modes. After evaporation 
the microstructures are lifted off the substrate by etching the oxide. The results are observed with 
an SEM. The devices on which the depositions are carried out presents the following 
characteristic. The mobile mask can be actuated by four electrodes of choice. They are 
respectively positioned at 10°, 40°, 60° and 80° with respect to the X-axis. The gap between the 
microactuator shuttle and the electrode is 2 µm, and the gap between shuttle and stoppers is 1.5 
µm. Therefore, the mobile mask lateral displacement is restricted to 1.47, 1.14, 0.75 or 0.25 
microns. Moreover the mobile and fixed mask openings are respectively 1.6 and 1.2 µm wide.  
 
First, the microactuator is not actuated. Mobile and fixed masks are perfectly aligned. The metal 
particles are evaporated through the mobile mask, and then transmitted onto the substrate through 
the fixed mask openings. As described in Section 3.3.2.2, mobile and fixed mask openings are 
respectively 1.6 and 1.2 µm. Figure 3.24.a shows a drawing of the microstructure configuration. 
Figure 3.24.b shows an SEM of the 1.2 micron wide line deposited on the substrate after removal 
of the structure.  
 
Second, the microactuator is actuated by an electrode located at a 60° angle, inducing a 
displacement of the shutter of 0.75 µm in the X-direction. As shown in Figure 3.25.a, the motion 
of the mobile mask creates a 0.65 µm overlap. Only the metal particles evaporated through this 
overlap reach the substrate. The SEM, Figure 3.25.b shows a 0.62 µm wide metal nanoline. 
 
Third, the microactuator is actuated by an electrode located at a 10° angle, inducing a 
displacement of the shutter of 1.47 µm in the X-direction. As shown in Figure 3.26.a, mobile and 
fixed masks are now fully misaligned. The metal particles are evaporated through the mobile 
mask, and reach the surface of the fixed mask. Figure 3.26.b shows a SEM of 1.6 micron wide 
copper lines deposited on the epoxy layer. The shadows of the mobile mask openings are 
reproduced on the fixed mask. No metal particle reaches the surface of the substrate. The picture 
is taken after removal of the mobile mask only.  
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Figure 3.24-Microline deposition though non-actuated multi layer shadow-masks: (a) Profile of 




Figure 3.25-Metal deposition through actuated shadow masks: nanoline deposition;(a) profile of 
the structure showing the creation of a 0.61µm overlap; (b)SEM of a  0.62 µm line deposited on 
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Figure 3.26-No metal deposition on the substrate. (a) Profile of the multi-layer shadow mask 
showing the two masks fully misaligned. The metal particles are evaporated through the mobile 
mask onto the epoxy layer.(b) SEMs taken after removal of the nickel mobile mask. Metal 
particles cannot reach the substrate. The shadows of the mobile mask openings are reproduced 





Integrated microactuated multi-layer shadow masks used as removal micro-tools greatly enhance 
the capabilities of metal deposition in PVD systems. While the deposits shapes and sizes are 
dynamically controlled by adjusting the relative position of the microactuated shadow masks, 
various materials may be patterned on selected areas of the substrate, without ever breaking 
vacuum.  
 
The double layer microstructure presented in this chapter is fabricated using standard 
microfabrication technologies. Nevertheless, nanopatterning is demonstrated. A 0.6 µm wide 
metallic line is deposited on a silicon wafer, and measured after removal of the micro-tool. The 
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mask opening  
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 First, the microstructure must be integrated on the substrate to reduce spreading effects. 
 
 Second, the displacement of the mobile mask must be controlled within sub-micron resolution. 
A microactuator exhibiting controlled nano-scale displacements is developed, without resorting to 
nanofabrication technologies or complex sensing circuitry. Electrostatic clamping of the 
microshutter onto surrounding mechanical stoppers offers controlled indexed displacements 
within sub-micron resolution. Accurate displacement of the mobile mask is verified by direct 
patterning of deposited films, varying spatially as well as compositionally, in the three 
dimensions.  
 
 Third, the initial relative position of the shadow masks openings must be controlled within 
sub-micron resolution. Because optical alignment does not provide sufficient accuracy, a 
fabrication technique based upon laser ablation of polymeric layers through microactuated 
shadow masks is developed. The method is characterized and optimized in terms of laser 
wavelength, energy density, number of pulses and laser beam size. Micro/nanostructuring of SU8 
layers is demonstrated by creation of a 0.4 µm wide and 3 µm tall SU8 wall (aspect-ratio: 1:7). 
Therefore, the fixed mask of the double layer microstructure is defined by laser ablation of an 
SU8 layer through the openings of the nickel mobile mask. The initial relative position of both 
masks is known with great accuracy. 
 
The presented patterning method not only enables nanostructuring without requiring to 
nanotechnology, but could also potentially greatly reduce the number of photolithographic steps 
of a given process by allowing deposition of features of varying sizes, shapes and compositions 
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4 High-Q Microresonator Mechanical Tuning 
by Controlled Material Deposition   
 
A passive mechanical resonator tuning method based on controlled material deposition on the top 
surfaces of resonators is presented in this chapter. Process variations are inherent to 
microfabrication technologies, and microresonator tuning becomes necessary to develop devices 
exhibiting the required performances. The first part of this chapter introduces the need for 
resonator tuning (Section 4.1). Then a historical review of the different tuning methods 
previously reported is presented (Section 4.2). Third, capacitively transduced doubly clamped 
resonators fabricated on SOI substrates are introduced (Section 4.3) and their resonance 
frequencies are mechanically tuned by controlled metal deposition in a PVD system (Section 4.4). 
Theoretical derivations and experimental verifications are carried out in Sections 4.4.1 and 4.4.2. 
The performances of mechanically tuned resonators, in term of long-term drift and quality factor, 
are investigated in Section 4.4.5. The quality factor loss following metal deposition is modeled. 
Finally, Section 4.5 focuses on a post-tuning low temperature annealing step to restore the initial 
high-Q of the pre-tuned resonators.     
 
4.1 A need for microresonator tuning  
 
One common roadblock in microsystem manufacturing processes comes from local process 
variations. As a result, even though the micro-fabrication is well controlled, structural deviations 
exist between designed and fabricated devices, and between similar devices adjacent to each other 
on the same wafer. Process parameters such as reactor temperatures, gas and fluid flows, edge 
beads from resist coatings and others cannot be perfectly controlled and result in fabrication non-
uniformities. Device behavior is also affected by temperature drifts, aging [4.1], contamination 
[4.2] or stress. Therefore, it is common that the frequency responses of micro-resonators may 
differ from the desired design values and should be eradicated by post-tuning processes. 
Specifically, microresonator coupling for complex filter architectures is only achievable if the 
resonance frequency of each coupled resonator is individually tuned. In the case of electrical 
coupling (Fig. 4.1), microresonators are connected to each other through a buffer. The 
characteristic passband filter is synthesized by summation of the frequency response of each 
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resonator [4.3]. The resonance frequency of each resonator showed to be slightly different that of 
its neighbor.  
 
 
Figure 4.1-Electrical coupling; (a) architecture; (b) typical frequency response 
 
 
In the case of acoustic coupling, depicted in Figure 4.2, identical resonators, in terms of 
frequency response, are coupled by using mechanical coupling elements such as wires [4.4]. The 
coupling wires transform the identical frequencies of the resonators into a series of closely 
displaced frequencies that form a passband filter.  
 
 
Figure 4.2-Acoustic coupling; (a) architecture; (b) typical frequency response 
 
In both architectures, if process variations lead to fabrication of resonators exhibiting resonance 
frequencies different from the designed values, the center frequency as well as the bandwidth of 
the filter may differ from design values.  
a) 
b) 
F B1B F B1B F B1B Antenna 
F B1B F B2B F B3B 
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4.2. Historical review on microresonator tuning  
 
Microresonator tuning methods may be classified into two different categories: passive tuning 
and active tuning. Active tuning methods give access to a constant control over the resonator 
frequency, but they often require a source of power. On the other hand, passive tuning is usually 
performed after fabrication of the resonator and before packaging. The passive tuning techniques 
cannot address issues such as aging or temperature drift but they do not affect the overall system 
power consumption.  
 
4.2.1 Active tuning methods 
 
Active tuning of a vibrating system was originally demonstrated by using electrostatic deflection 
to pre-stress a vibrating membrane [4.5]. When a polarization voltage is applied to the resonating 
element, an “electrostatic stiffness” is added to the mechanical stiffness of the actuator. 
Therefore, by adjusting the electrostatic stiffness of a resonator, its resonance frequency may be 
tuned. This property has been demonstrated in the case of parallel plate actuators [4.6, 4.7], 
comb-drive actuators [4.8, 4.9, 4.10] and triangular comb-drive actuators [4.11].   
 
An alternative active tuning method is provided by electrothermal effects. Temperature variations 
around or within resonator flexures result in thermal expansion, thermal stress, elastic coefficient 
variations and other second order phenomena. In [4.12], thin film heaters were used to induce 
buckling of a doubly clamped beam. Another common heating method relies on resistive heating, 
based on the use of filament-like heating. A current is passed through the resonating beam to 
generate heat within the structure [4.13]. Other work takes advantage of the temperature 
dependence of the Young’s modulus exhibited by most materials [4.14], as well as thermally 
induced stress effects [4.15, 4.16]. In these cases, when the device is heated up, the elastic 
coefficient of the structure decreases, and the compressive stress increases. Both help to actively 
lower the resonant frequency.  Voltage pulses have also been utilized to locally anneal the folded 
springs of comb-drive actuators [4.17]. Frequency tunings of the order of a few percent to 10% 
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4.2.2 Passive tuning methods 
 
Passive tuning methods imply permanent changes of the vibrating structure by making 
adjustments to its geometry, either by rimming or additive techniques.   
 
The trimming of a microresonator is among the most popular passive tuning methods. K. Tannaka 
reported a technique based on ion milling of resonator top surfaces and isotropic reactive ion 
etching of the sides [4.18]. In [4.19], R.R.A Syms utilized a focused ion beam to trim the flexural 
element as well as the central mass of a resonator. Best results were observed when the flexures 
are trimmed. Another common technique is based on laser trimming. Two-dimensional PZT 
(lead-zirconate-titanate oxide) arrays require identical resonance frequencies across the entire 
device. Individual tuning is done by mass removal at the surface by laser ablation[4.20]. 
 
Post-process selective polysilicon deposition on the flexures of comb-drive resonators has been 
reported in [4.21] (Fig 4.3). This selective additive process has generated frequency shift up to 
2%. Deposition of polysilicon resulted into reinforcement of the flexures and therefore increase of 
the overall stiffness of the resonator. Passive tuning techniques can be viewed as post-processing 
step, following testing but prior to packaging. After packaging, no further passive tuning is 
usually achievable. M. Chao presented a pulsed laser deposition technique allowing passive 
resonator tuning after packaging [4.22]. The resonators are fabricated and packaged into a pre-
processed glass cavity covered with metal on the inside (Fig 4.4). A laser beam is then utilized to 
locally vaporize the metal layer pre-deposited on the glass package. Re-deposition of the metal 
atoms on the resonator results in mass increase, and therefore frequency tuning towards lower 
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Figure 4.4-Post-packaging microresonator tuning by pulsed laser deposition 
 
 
The resonator tuning method presented in the following relies on selective deposition of metal. 
Frequency shift toward lower and higher frequency range are achievable, depending on the 
substrate structural material. Unlike the previous approaches, the presented method is not 
specifically tailored to one type of resonator or restricted to large structures, but is applicable to a 
wide variety of resonators. Doubly clamped silicon resonator tuning up to 15% with resolution of 
approximately 50Hz /nm of deposited metal are demonstrated.  
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4.3 Capacitively transduced doubly-clamped single crystal silicon 
resonators 
Doubly-clamped electrostatically actuated silicon resonators are introduced in this section. The 
presented mechanical tuning method will later be demonstrated by studying the behavior of these 
devices before, during and after controlled metal deposition (Section 4.4). 
4.3.1 Fabrication sequence 
 
Low resistivity (0.001 Ohm.cm) silicon-on-insulator (SOI) wafers with 10 and 20 micron thick 
device layer, 2 micron thick oxide layer, and 450 micron thick handle layer are used as substrates. 
The fabrication sequence is presented in Figure 4.5.  Three steps are required for the fabrication 
of resonators. First the outlines of the resonator beam, sensing and driving electrodes are defined 
into a 1.3 micron thick layer of AZ1813 photoresist (Fig 4.5.a). A Deep Reactive Ion Etching 
(DRIE) step transfers the defined patterns into the device layer down to the etch-stop oxide layer 
(Fig 4.5.b). The photoresist is stripped and a 15 min wet-etching step in 1:1 HF: H2O solution 
frees the resonating structure from the handle layer (Fig 4.5c.). The different elements of the 
system are insulated since they are all lying on the oxide pads remaining from the short time-
etched oxide step. 
 
 
Figure 4.5-SOI Resonator fabrication sequence 
 
SEMs of a fabricated device are presented Figure 4.6.  Figure 4.6.a shows an overall titled view 
of the resonator. Figure 4.6.b focuses on the resonator beam and electrodes. The transducing gaps 













Figure 4.6-SEMs of a fabricated micro-resonator: (a) overall view; (b) electrodes and resonator 
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4.3.2 Microactuator design 
 
A transverse electrostatic microbeam is shown in Figure 4.7.a. The device can be modeled by a 
two-port electromechanical system, as depicted Figure 4.7.b. 
 
Figure 4.7-(a) A transverse electrostatic microbeam; (b) schematic representation of a two-port 
electromechanical system 
The currents into the capacitor between the vibrating beam and the upper and lower plates are 
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where )(tid is the current through the driving electrode and )(tis is the current through the 
sensing electrode. Since the two gaps gBdB and gBsB are much larger than the beam deflection  
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are the coupling factor of the electromechanical system, ABd B and ABsB are the area of the driving and 
sensing electrode, respectively.  
 
The behavior of electromechanical systems may be described by the differential equation of 
motion for the structural members of the system and a set of boundary conditions. The 
electrostatically driven and sensed microbeam, schematically presented in Figure 4.7.a, is made to 
vibrate at the same frequency as that of electrostatic excitation, and can be characterized as an 
harmonically excited oscillating system. The governing equation of motion of the harmonic 
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with mBeff Band k Beff,B the effective mass and spring constant in the beam width direction. c is the 
























  (4.8) 
 
The microbeam is electrostatically actuated by parallel plate capacitors. Considering that the 
beam and electrodes are straight, the capacitances CBd Band CBs Bbetween the microstructure and the 
drive electrode and sense electrode are given as: 
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CVk +=   (4.19) 
 
This shows that the spring constant of the microbeam actuated under a dc bias voltage is reduced 
by a factor kBelecB. This well known spring softening effect is caused by electrostatic interaction. 
When the bias voltage is increased such as eleceff kk = the microbeam becomes unstable. The dc 
bias voltage is not applied through the electrodes but directly to microbeam under the form of a 
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polarization voltage VBp B given as: 00 sdp VVV == . The electrostatic spring softening effect is often 
used as a tuning method that will be described in Section 4.4.3. 
 
The natural frequencies of a clamped-clamped beam resonator depend on the dimensions, 
















=  (4.21) 
 
where L is the length of the beam, E is the Young’s modulus of the beam material, I is the area 
moment of inertia around the principal axis (fig. 4.8), M the mass of the beam and λ Bn B is the 
frequency coefficient for resonance mode that can be calculated by solving  
 
1. =nn CoshCos λλ  (4.22) 
 
For a clamped-clamped (C-C) beam, λ Bn B values for the first, third and fifth modes are λ B1 B= 4.730, 
λ B3B=11.11, λB5B=17.28, respectively. The following sections focus on the resonator behavior in the 
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The area moment of inertia of a beam defined such as the length is the axis of rotation (Fig 4.8), 





wtI =         (4.23) 
 
Figure 4.8-Microbeam profile 
 








21 029.1=  (4.24) 
 
with ρ the density of the beam structural material. 
Also the effective spring constant and mass of a clamped-clamped beam are:  
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4.3.3 Resonator packaging and testing 
 
As demonstrated in [4.24], resonance frequency and device performance depend on the DC bias 
voltage and small sinusoidal signal used for actuating the resonator. In order to ensure 
consistency between the results presented in the following, VBpB is consistently set to 20 Volts and 
v BacB is adjusted such as the resonator remains within the linear range. To facilitate the detection of 
the microbeam behavior under electrostatic load, the sensing electrode is followed by 
amplification circuitry built on a printed circuit board (PCB). The schematic circuit diagram of 
the measurement setup is shown Figure 4.9. The network analyzer inputs a small sinusoid into the 
driving electrode. The sensing electrode is followed by am amplification stage, composed of an 
JFET op-amp in a non-inverter configuration. The amplified signal returns into the HP 4194A 
and is compared the original input signal.   
 
 




The MEMS resonator chip is wire-bonded into a DIL package which is soldered to the PCB 
board. The PCB board is placed in a vacuum chamber, ensuring testing pressures below 1 mTorr.  
Figure 4.10 shows plots of typical frequency responses recorded with the network analyzer.  The 
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Table 4.1-Resonator dimensions 
 
 
       
Figure 4.10-Resonance peaks and quality factors of various clamped-clamped resonator beams. 
a)  400 µm long, 4.81 µm wide and 10 µm thick; b) 600 µm long, 4.80 µm wide and 10 µm thick; 
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4.4 Mechanical tuning  
 
4.4.1 Theoretical considerations 
 
Depositions of thin layers of materials over a resonating beam change the mechanical properties 
of the overall structure and subsequently affect the resonance frequency of the resonator. As seen 
in Section 4.3.2, the resonance frequency of a microbeam depends on its dimension, mass, 
stiffness and attachment to the substrate (Eq. 4.21). Deposition of materials over a resonating 
beam not only affects its overall mass, but also its stiffness. After material depositions, the 
microbeam must be viewed as a composite structure. Considering that the deposited materials 
cover the entire top surface of the beam, the overall stiffness, KBcB, and resonance frequency, fBcB, of a 




















ρπ  (4.28) 
  
where E Bi,B I Bi, BρBi B, tBi B are respectively the Young’s modulus, moment of inertia about the Z-axis, 
density, and thickness of each layer (substrate included). The following analysis is restricted to 
the case where one layer, m, is deposited onto the substrate, s (Fig. 4.11). Moreover, the deposited 
material layer and the substrate are assumed to be isotropic, homogeneous and free of stress. 
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wtI =    (4.29) 





wtI =                                                         (4.30) 
 
The resonance of frequency, fBb B, of the bi-layer beam is then:  
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wf ρ20 03.1=         (4.32) 
       














tT =                     (4.35) 
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Increases as well as decreases in resonant frequency can in principle be achieved through the 
deposition of additional material.  This can be seen clearly through the limiting case of BT<<1.  
In this case, fBbB can be simplified to: 
 
TBAffb )(10 −+≅          (4.37) 
     
Where clearly the resonant frequency increases or decreases depend on the relative magnitudes of 
A and B.  Hence: 
  
i. If A>B e.g., the ratio of the Young’s moduli is higher than the ratio of the densities, the 
resonance frequency is tuned upward. 
ii. If A=B e.g., the ratio of the Young’s moduli is equal to the ratio of the densities, the resonance 
frequency is unchanged. 
iii. If A<B e.g., the ratio of the Young’s moduli is lower than the ratio of the densities, the 
resonance frequency is tuned downward. 
 
Figure 4.12 shows three graphs presenting the different aforementioned cases sing some 
representative micromachining materials. In all three graphs, the tuning capabilities are plotted as 
a function of the thickness of the deposited layers. The effects of platinum, gold, copper or 
aluminum deposited on substrates such as silicon, gold and nickel are investigated. In all cases 
the substrate thickness is set to 5 µm. 
 
Case 1 is presented on graph a), Figure 4.12. Different materials are deposited on a gold resonator 
beam. Gold is one of the denser materials used in microfabrication technologies. For most 
materials deposited on a gold resonator, the ratio of the densities is likely to be low: B<1. 
Furthermore an evaporated gold film exhibits a low Young’s modulus, on the order of 50 GPa 
[4.26]. The ratio of the Young’s moduli is therefore likely to be high: A>1. Since A>B, upward 
frequency shifts are expected. For instance, deposition of 0.6 µm of platinum on a 5 µm thick 
gold resonator should result in a 13% frequency shift upward.  
 
Case 2 is presented on graph b), Figure 4.12.  Different materials are deposited on a nickel 
resonator beam.  Copper and nickel having very similar mechanical properties, A and B have 
similar values, and no frequency shift is expected.  For example, deposition of a 1 µm thick 
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copper layer onto a 5 µm thick nickel microbeam barely generates any resonance frequency shift 
(less than 1%). This case can find applications in several areas of MEMS, such as deposition of 
passivation layers on resonators without affecting their resonance frequencies.  
 
Case 3 is presented on graph c), Figure 4.12. Different materials are deposited on a silicon 
resonator beam.  The density of (100) SCS (ρBSi B=2328) being fairly low, and its Young’s modulus 
being relatively high (EBSiB=150 GPa), A is likely to be less than B.  Hence, SCS is a good 
candidate for mechanical tuning downward. For example, a downward frequency shift of over 
25% is achievable by depositing a 0.5 µm thick layer of gold on a silicon beam. In this case, mass 
increase is the driving tuning phenomenon: the lighter the silicon resonator, the higher the tuning. 
For instance, Figure 4.13 shows that a 2 µm thick silicon resonator can be tuned by more than 
30% after deposition of a 200 nm thick gold layer. The mechanical frequency tuning method 
presented here is expected to be highly efficient for tuning of ultra-light UHF resonators, since 
small metal thicknesses will have a large effect on the relatively small thickness of silicon in 
these high frequency devices. 
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Figure 4.12-The different tuning cases: (a) tuning to higher frequencies; (b) resonance frequency 





Gold resonator (ρ=19300 kg/mP3 P; E=50GPa) 
Ni resonator (ρ =8908 kg/mP3 P; E=200GPa) 
c) 
Au 
Si resonator (ρ =2328 kg/mP3 P; E=150GPa) 
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Figure 4.13-Tuning capabilities vs. deposited gold thickness for different silicon resonator height 
 
4.4.2 Experimental verifications 
 
Mechanical tuning is performed on silicon microbeams introduced in Sections 4.2.1 and 4.2.2. 
Theoretical considerations have shown that deposition of gold layers may allow large frequency 
shifts. 10 µm and 20 µm thick SOI-based resonators are used to demonstrate mechanical tuning 
by deposition of a thin gold film on their top surfaces. 
 
4.4.2.1 Experimental setup 
 
The microresonators are fabricated and packaged as detailed in Sections 4.3.1 and 4.3.3. The top 
of the DIL package is covered by a 50 µm thick Kapton film. Prior to packaging, a 1 cm square 
hole is etched in the Kapton film, using an excimer laser, in order to protect the package pads 
from shorting and allow the evaporated metal particles to reach the substrate while deposition 




Frequency shifts resulting from tuning by controlled metal deposition in verified on two types of 
resonators of different thicknesses: 10 µm and 20 µm. 
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10 um thick silicon beam tuning 
 
First, the resonance frequency of a silicon resonator is recorded in real-time while deposition of 
gold is performed on the beam. Dimensions of the microbeam are as follows: width: 4.7 µm, 
length: 400 µm, and height: 10 µm. The initial resonance frequency is calculated and recorded at 
a value of 234.46 kHz, under a V Bp B of 20V. Figure 4.14 shows the recorded experimental trace 
(continuous lines) versus the theoretical prediction (dotted lines). The experimental results are in 
good agreement with the theory. Nevertheless the recorded frequency shift is slightly higher than 
the calculated one. After deposition of 300 nm of gold, the discrepancy between theory and 
experiment is on the order of 0.9%.  This behavior may be due to residual stress in the evaporated 
gold film. Indeed, silicon substrates coated with evaporated gold film often exhibit compressive 
stress [4.27]. This residual stress could accelerate the tuning mechanism by driving the frequency 
shift toward lower frequencies.  Deposition of a 300 nm thick gold film results in a frequency 
shift of 27.4 kHz which corresponds to 11% tuning. The tuning resolution is approximated to 90 
Hz/nm of deposited gold. Considering that PVD systems offer accuracy of deposited film 
thickness within nanometers, the tuning resolution of this method is considered fairly high. The 
gold layer thickness was not maximized; a much higher frequency shift could be reached by 
depositing a thicker gold layer.  
 
Figure 4.14-Mechanical frequency tuning on a 10 µm thick silicon beam. Experimental results 

























----  Theory 
+++ Experiment
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20 um thick silicon beam tuning 
 
Two resonators fabricated on the same 1 cmP2 P die (SOI substrate with 20 µm thick device layer) 
are packaged and placed into the filament evaporator. In this case, tuning is not performed in real 
time, but the same amount of gold (tBAu B= 160 nm) is deposited on both resonators at the same 
time. Figure 4.15 shows the experimental frequency shift values (continuous lines) compared 
with the theoretical values (dotted line). In both cases, deposition of a 160 nm thick gold layer on 
the resonators top surface results in a frequency shift on the order of 3.5%, with an average tuning 
resolution of 51Hz/nm of deposited gold. The recorded frequency shifts are again slightly higher 
than the predicted value. Again, the difference may be due to residual stress in the gold layer. The 
presented graph raises two critical issues: 
 
First, the initial resonance frequencies of the resonators are measured to 241.43 kHz and 234.57 
kHz, respectively. This indicates that resonators positioned on the same die exhibit a 2.9% 
variation in term of resonance frequency. Larger variations have been recorded for devices 
positioned on different dies or different wafers.  This demonstrated the need for tuning. 
 
Second, selective deposition of a 135 nm thick gold layer on the resonator presenting the highest 
frequency would result in resonance frequency matching of the two resonators at 234.57 kHz.  
 




----  Theory 
+++ Experiment
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4.4.3 Mechanical and electrical tuning 
 
High tuning power and fine resolution demonstrated by the presented tuning method are major 
advantages over previously reported work. In the case of electrostatic resonators, mechanical 
tuning can be coupled with electrical tuning to obtain best results. Figure 4.16 shows a plot of 
frequency shift (X-axis) as a function of applied voltage (left-hand Y-axis) and deposited metal 
thickness (right-hand Y-axis). Electrostatic tuning was presented in Section 4.2.2; polarization 
voltage variations result in resonance frequency variations of an electrostatic resonator by 
softening or hardening the overall spring constant of the system (Eq. 4.18). The electrostatic 
tuning capabilities highly depend on the device geometry. Small transducing gaps produce higher 
tuning power versus applied voltage. The graph, Figure 4.16 demonstrates that the presented 
mechanical tuning method is twice as efficient as electrostatic tuning for the tested resonators. 
Deposition of a 400 nm thick gold layer on the top surface of a resonating beam results in a 14% 
frequency shift. Voltage variations over 40 V only generate 6% tuning. An efficient and reliable 
frequency tuning strategy could be based on coupling of mechanical and electrostatic tuning. 
Mechanical tuning could be first utilized as a post-fabrication technique to adjust resonator 
resonance frequency. Electrostatic tuning could be employed later for extremely fine frequency 
adjustments to prevent aging and temperature variations.    
 
Figure 4.16-Frequency shift vs. applied electrical tuning voltage (left-hand Y-axis) and deposited 













































+++ Electrical tuning (data) 
       Mechanical tuning (data)  
----  Mechanical tuning  
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4.4.4 Mechanically tuned resonator performances 
 
4.4.4.1 Long-term testing 
 
Long-term testing of mechanically tuned resonators (Fig 4.17) reveals good stability over time, as 
the recorded resonance frequency drift, on the order of 0.04%, remains within the range of 
resolution of the instruments.  
 
Figure 4.17-Mechanically tuned resonator long-tern testing 
 
 
4.4.4.2 Q-factor considerations 
The performances of the tuned resonators are investigated in this section. The quality factor (Q) 
of a damped system is defined as the total energy stored in the structure divided by the sum of the 
energy losses from the vibrating element per cycle. It can be measured from the bandwidth at 
resonance. A high Q is important as it implies better identification of the resonant frequency and, 
hence, better sensitivity. Several mechanisms of loss have been identified in the literature [4.28]: 
viscous air damping, QBairB, radiation in the support, QBsupB, internal losses, QBi B, and losses due to 
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This relationship indicates that the lowest individual mechanism Q-factor limits the value of the 
overall Q. In the presented research, all resonators are tested in a filament evaporator under 
vacuum values well below 1 mTorr. It has been shown that air damping becomes the limiting 
factor of Q when vacuum values are higher than 1 mTorr [4.29]. Dimension wise, the resonators 
are fairly identical before and after tuning. Therefore, losses due to acoustic radiations in the 
supports are not responsible for Q variation. Moreover the resonators are always tested with the 
same electrical circuitry, connections and wires, as well as the same network analyzer. 
Differences in Q measurements cannot be attributed to electrical losses. The Q variation is likely 
due to the appearance of internal losses in the composite structure and other non-immediately 
identifiable losses 
 
A resonator is packaged and placed into a filament evaporator. The frequency responses of the 
microdevice are recorded in-situ, in real-time while deposition occurs on the beam. Because 
depositions of metals in the filament evaporator are likely to generate heat through radiation, the 
temperature of the silicon beam is monitored by positioning a thermocouple at the surface of the 
die. Frequency responses are recorded in steps of 10 nm of deposited gold. As the mechanical 
shutter of the evaporator stays open for the time required to deposit 10 nm of metal (deposition 
rates range between 1 to 2 Angstrom/s), the die temperature, measured by a thermocouple placed 
at the surface of the die, increases to 80°C-95°C. For consistency purposes, the frequency 
responses are recorded when the die temperature drops below 50°C. After each data recording, 
the shutter is opened and another 10 nm of gold is deposited on the beam. The experiment is 
repeated until the gold thickness reaches 320 nm. Furthermore, the polarization voltage applied to 
the microresonator as well as the scan speed, and the averaging time set on the network analyzer, 
are kept similar for all measurements. The results are presented in Figure 4.18. 
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Figure 4.18-Resonance frequency and quality factor vs. deposited gold layer thickness 
 
 
The graph shows a plot of the resonator quality factor and resonance frequency as a function of 
deposited metal thickness. Before metal deposition, the microbeam resonates at 243 kHz with Q 
of 28,000. After deposition of 320 nm of gold on its top surface, fBrB and Q have respectively 
dropped to 217 kHz and 5,000. As the resonance frequency drops due to the mass increase, the Q-
factor clearly decreases with the amount of gold deposited on the beam.  
 
Equation 4.39 indicated that internal losses are most likely to be responsible for Q variations. 
Internal losses depend on the purity, dislocations and thermoelastic losses of the structural 
material. Thermoelastic damping, TED, has been pointed out as a major source of internal losses 
in silicon microbeam resonators. Most reported research [4.30, 4.31] based their analyses on the 
work published by Zener in 1937, which focuses on TED of solid homogeneous beams in their 
fundamental flexural mode [4.32]. Classical TED analysis is not applicable to this case, since the 
resonator of interest is a composite beam. Since studies of internal losses mechanisms in well 
characterized single crystal silicon beams remain approximate and only allow extraction of trends 
eventually applicable to experimental data, development of a model for composite beams made of 
evaporated metals, which properties invariably vary from batch to batch, remains challenging.  
Although this is a complex problem, a simplified view may be taken by considering the 
composite beam as two independent resonating elements (Fig 4.19).  
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Figure 4.19-Composite beam viewed as two separate elements 
 
Losses in the silicon beam are assumed not to be affected by the gold layer. On the other hand, 
internal losses in the metal layer are expected to increase with the thickness of the film. 
Neglecting Au/Si interfacial losses, superposition is applied to extract the Q-factor of the 
composite structure. If the contribution of the respective Q on the overall structure depends on the 
thickness of each element, the following equation is extracted: 
 










tt +=+          (4.39) 
 
with t BSiB: silicon beam thickness (tBSi B =10µm), 
 t BAuB: gold thickness,  
QBSi B: Recorded Q of the silicon beam before gold deposition  
QBAu B: Gold resonator quality factor. 
 
QBSi B of the bare silicon beam is experimentally measured to be 28,000. Behaviors of doubly-
clamped electrostatic resonator made of evaporated gold have been previously studied in the 
literature [4.33]. 40 µm long, 1 µm wide and 2 µm thick gold resonators exhibit resonance 
frequencies of about 247 kHz and Q values ranging from 300 to 600, in vacuum. Since the 
respective Au and Si thicknesses as a function of deposition are known, the Q of the composite 
can be predicted.   
The graph, Figure 4.20, shows experimental and predicted Q values in function of the gold layer 
thickness. Q values extracted from Eq. 4.40 and experimental data are in good agreement. 
+ 
QBSi B  = 28000 
t BSiB  = 10 µm 
QBAu B = 300 to 600 
t BAu B = 0 to 0.3 µm 
Q? 
2 1 1 
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In conclusion, by considering a composite beam as two separate elements and applying the 
theorem of superposition pounded by the thickness of each respective beam, Q factor values in 
good agreement with the measured data have been extracted. While being fairly simple, the 
model does describe the observed behavior. 
 
4.4.4.3 High-Q restoration by low temperature thermal annealing 
 
The quality factor degradation associated with the presented mechanical tuning method must be 
addressed in order for this tuning scheme to be adopted. Performances of nickel electroplated 
resonators have been previously investigated [4.34] and annealing of nickel microbeams have 
resulted into significant Q enhancements. Following this approach, the Au/Si resonators are 
annealed in NB2 B at temperatures up to 400°C, to preserve CMOS process compatibility [4.35]. 
Figure 4.21 plots the resonator quality factor as a function of the annealing temperatures in 
nitrogen for 1 hour. Annealing of the composite beam at temperature above 300°C restores good 
Q values. Based on the model presented Eq. 4.39, the overall quality factor of the composite 
structure may reach 20,000 if annealing of the gold layer result in an QBAuB of approximately 1,200 
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neglectable). The same order of Q improvement was demonstrated in [4.34] by thermal annealing 
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Figure 4.21-Quality factor vs. annealing temperature 
 
The graph, Figure 4.22 summarizes the overall mechanical tuning process, in term of frequency 
shifts and Q-values. A 10 µm thick SCS resonator exhibiting a resonance frequency of 241.5 kHz 
and Q of 26,000 is coated with 160 nm of thermally evaporated gold. As previously observed, its 
resonance frequency and Q respectively drop to 226.3 kHz and 10,000. After annealing at 300°C 
for a few hours, the resonator performance is comparable to its pre-tuned value.  
 
 
Figure 4.22-Overall mechanical tuning process 
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The annealing mechanisms of evaporated gold coated polysilicon, SCS and glass substrates at 
low temperatures have been widely reported in the literature. When the temperature increases 
from room temperature to about 350°C, TEM analyses from [4.36] show significant grain growth 
in the gold layer. The grain growth process might be related to noticeable tensile stress recorded 
in the annealed film. In contrast with the internal regions of the grains, the grain boundaries can 
be regarded as having excess free volume. When heating the substrate to elevated temperatures, 
the grain boundaries are removed to reduce the excess free energy. The data presented in the 
graph Figure 4.22 agree with this mechanism. The slight frequency shift, from 226.3 kHz to 227.9 
kHz, recorded after 300°C annealing may be due to the formation of tensile stress in the beam, 
due to the grain growth mechanism. In addition to grain growth, when annealing is performed at 
temperature above 350°C, a number of voids and hillocks are observed at the surface of the 
coated beam (Fig. 4.23).  The protruding spheres have been shown to be a mixture of silicon and 
gold, at a composition close to the Au-Si eutectic composition. Out-diffusion of silicon in gold 
layer at low temperatures has been previously reported in [4.37].  
 
Figure 4.23-SEMs of the gold coated microbeam after annealing at 400ºC: (a) tilted view; (b) top 
view 
 
 When gold coated silicon beams are annealed above the alloy eutectic temperature, another 
phenomenon has been observed. As the temperature reaches 350°C to 400°C, the number of 
silicon atoms out-diffusing in the gold layer increases. When the Au-Si alloy composition reaches 
the eutectic composition and the annealing temperature is higher than the eutectic temperature, 
the film becomes highly thermodynamically unstable. If impurities or defects are present at the 
surface of the beam, Au-Si alloy undergoes spinodal decomposition [4.38]. The system returns 
into equilibrium by proceeding to a phase change, from solid to liquid. When the temperature 
decreases below 300°C, the Au-Si film solidifies and islands of Au-Si at the eutectic composition 
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are left on the silicon beam. SEMs of the microbeam subjected to spinodal decomposition are 
depicted in Figure 4.24. 
 
Figure 4.24-Annealed and mechanically tuned resonator undergoing spinodal decomposition; (a) 
overall view; (b) close-up view of the resonating beam 
 
When spinodal decomposition occurs, the gold/silicon film becomes highly non-uniform. As a 
result, a post-annealing frequency shift is observed. Figure 4.25 shows the frequency shifts 
recorded after tuning and annealing at 400°C for 10 hours. 4 devices are tested before and after 
mechanical tuning and after the annealing step. The resonance frequencies of all 4 resonators shift 
from 247 kHz to 219 kHz after deposition of a 260 nm thick gold layer on their top surface (11% 
tuning). Then, unlike the previous experiments, a second frequency shift occurs during the 
annealing step, from 219 to 229 kHz (4.5% unexpected frequency shift). Nevertheless the high 
























Post gold depositon (260 nm)
Post annealing (400C-10 h)
 
Figure 4.25-Frequency shift occurring during the annealing step when Au/Si undergoes spinodal 
decomposition 
a) b) Anchor 
Resonator beam 
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In order to prevent the second unpredictable frequency shift, it is recommended to anneal the 
mechanically tuned resonators at temperature below the eutectic temperature of the alloy, i.e. 
350°C. It has been demonstrated than annealing at temperatures near 300°C for an hour is 




A mechanical passive resonator tuning method based on controlled metal depositions on the top 
surfaces of resonating elements is introduced and demonstrated. Unlike previous approaches, the 
presented method is not specifically tailored to one type of resonator or restricted to large 
structures, but is applicable to a wide variety of resonators. 
Capacitively-transduced doubly-clamped SOI-based microresonators are developed to test the 
tuning method. Frequency shifts over 15% with resolution around 50 Hz/nm of deposited metal 
are recorded.  
The mechanically tuned resonators performances are also investigated. Long-term testing 
revealed good device stability. The quality factors of the resonators are monitored during the 
entire tuning process. A model explaining Q-losses with deposition of metal is presented. 
Finally, a low-temperature post-tuning annealing step is utilized to restore the initial resonator 
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5 Integrated Microshutter for Individual 
Resonator Tuning   
 
A mechanical resonator tuning method based on metal deposition was presented in Chapter 4. 
While providing high tuning power and fine resolution, resonator mechanical tuning by 
controlled material deposition does not offer selective resonator tuning, in which individual 
resonators are tuned by arbitrary amounts. In this chapter, integration of controllable 
microshutters over individual resonators, thereby providing individual tuning capabilities, is 
introduced and demonstrated. Such integrated reconfigurable shadow mask structures acting as 
repositionable microshutters offer control of the amount of material deposited on each device. 
Therefore, individual mechanical tuning can be achieved. The development of an integrated 
microshutter is introduced in Section 5.2.  
The fabrication of the resonators presented in Chapter 4 relies on a deep RIE step in order to 
define electrodes and resonating beams. As a results, the surface of the substrate exhibits large 
non-uniformities. Therefore, the surface of the substrate needs to be planarized in order to allow 
further surface micromachining of the microshutters. Two CMOS compatible planarization 
techniques are then developed (Section 5.3). First, a heat-decomposable sacrificial polymer is 
introduced and the planarization process is described (Section 5.3.1). Second, planarization is 
performed by deposition of several layers of PECVD silicon dioxide and sputterered metallic 
layers (5.3.2). The overall fabrication process resulting into integration of microshutters over SOI 
resonators is detailed in Section 5.4.1, and individual tuning is demonstrated in Section 5.4.2.   
 
5.1 Individual resonator tuning concept 
 
In a standard PVD system, the thickness of the deposited film is adjusted by controlling the 
deposition rate and the amount of time the substrate is subjected to metal deposition. The entire 
substrate is coated with a uniform thin film. The mechanical resonator tuning method, presented 
Chapter 4, allows tuning of microresonators over a wide range of frequency with fine resolution. 
Integration of microshutters, controlling the amount of metals deposited over each resonator 
offers individual resonator tuning capability. Figure 5.1 depicts the concept. An individually 
addressable microshutter is integrated over a resonator beam, built within the bulk of an SOI 
wafer. When the microshutter is at rest (Fig. 5.a), the position of the opening is such that no metal 
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can reach the resonator. The resonator resonance frequency remains unchanged even after metal 
deposition. In Figure 5.b, the microshutter is actuated and metal particles impinge on the 
resonator top surface. From the analysis developed in Section 4.2, tuning toward lower or higher 
frequencies can be achieved.  
 
 
Figure 5.1-Individual resonator tuning concept; (a) microshutter closed: no tuning; (b) 
microshutter opened: tuning  
 
 
5.2 Surface micromachined shutter 
 
5.2.1  Microshutter design 
 
The microshutter is built within the thickness of a microactuator shuttle. In order to control the 
flow of particles impinging on the resonator, the microactuator design relies on two critical 
points: 
 
 The stroke of the microactuator must large enough so the entire resonator beam is protected 
against, or subjected to, metal deposition. 
 The displacement of the microshutter must be controlled in-situ and in real time. Mechanical 
clamping ensures accurate positioning of the microshutter without resorting to complex electrical 
sensing circuitry.  
 
A fixed-fixed flexure composed of 4 guided-end beams restricts shuttle displacement in the 
resonator width direction. Moreover, electrostatic actuation through comb-drive electrodes is 
chosen as the actuation scheme. 
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A mechanical clamping system similar to the one introduced in Chapter 3 is developed to control 
the position of the microactuator shuttle in the vacuum chamber of the PVD system. A T-shaped 
element, electrically held near ground through a resistance meter, is attached to the electrically 
grounded shuttle.  When electrical forces are applied to the shuttle through the comb-drive 
electrodes, the shuttle moves laterally and the T element clamps onto the mechanical stopper. 
When clamping occurs the resistance read on the meter falls from very high values. No electrical 
sensing circuitry is required.  
 
The microshutter design is presented in Figure 5.2. Figure 5.2.a shows an overall top view of the 
microactuator. Figure 5.2.b focuses on the central shuttle area when the microshutter is at rest. 
When the T-element clamps onto the mechanical stopper, the resonator beam is exposed through 
the microshutter opening (Fig. 5.2.c).  
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Figure 5.2-Micoshutter design; (a) overall top view; (b) shuttle up-close view at rest; c) 
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5.2.2 Microshutter fabrication 
 
The microshutters are used as tools to control the amount of material deposited on the resonator 
beam when tuning is required. They need to be removed after metal deposition. It is also 
recommended to limit the number of processing steps, and ensure CMOS compatibility for 
ultimate integration purposes. In this section, microshutter fabrication is demonstrated on 
unprocessed silicon wafers. The single mask fabrication sequence of the microshutter is identical 
to the process utilized in Chapter 3 for the fabrication of movable shadow-masks which exhibited 
controlled nano-scale displacements (Fig. 3.10).    
 
5.2.3 Fabrication results 
 
Figure 5.3 shows SEMs of the micromachined shutter. An overall view of the system is presented 
in Figure 5.3.a. Electrodes, anchors, suspended beams and microactuator shuttle are visible. 
Figure 5.3.b shows a close-up view of the shuttle area. The shutter opening is 10 µm wide. The 
gap between the comb-fingers is measured to 2.2 µm. The distance between the T-shaped element 
and the stopper is 12 µm. The thickness of the devices is approximately 5.9 µm. 
 
 
Figure 5.3- SEMs of the micromachined shutter: (a) overall view of the system; (b) close-up view 
of the shuttle area 
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5.2.3 Microshutter testing 
 
The dimensions of the device are summarized in Table 5.1. After fabrication, the microshutters 
are tested under the microscope of a probe-station. Actuation voltages on the order of 150V are 
required to obtain clamping of the T-shaped element on the stopper. In-plane spring constants of 
the microshutter are derived from [5.1] Figure 5.4 shows optical photomicrographs of the 
microshutter before (Fig. 5.4.a) and after clamping (Fig. 5.4.b). 
 
 symbols Designed values 
Measured 
values 
Flexure    
Flexure beam length L Bb  B(µm) 500  500  
Flexure beam width wBb  B(µm) 3  2.9  
Flexure beam thickness t BbB = tBs  B(µm) 7  5.9  
Number of beams NBb  B(µm) 4  4 
Derived spring const. 
 in the X-direction k Bx  B(N/m) 1.21  0.92  
Derived spring const.  
in the Y-direction k By  B(N/m) 8400  6850 
Actuation    
Number of fingers NBfB 67 67 
Finger length L Bf  B(µm) 50  50  
Finger width wBf  B(µm) 4  4.3  
Finger thickness t Bf B= t Bs  B(µm) 7  5.9  
Gap between fingers gBc b  B(µm) 2.5  2.2  
Finger overlap o Bcb  B(µm) 10  10  
Displacement (X-direction) d Bx  B(µm) 12  12  
Required Voltage V (Volts) 145  ≈ 150 
Opening    
Opening width wBo  B(µm) 10  10  
Opening Length LBo  B(µm) 410  410  
Opening thickness t BoB= t Bs  B(µm) 7  5.9  
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Figure 5.4-Microshutter test; optical pictures of the shutter (a) before clamping and (b) after 
clamping 
 
5.3 Microshutter integration 
 
The resonator fabrication process, presented in Chapter 4 Section 4.3.1, relies on a DRIE step 
defining insulating trenches between clamped-clamped resonator beam and electrodes. 
Fabrication of the resonator dramatically impacts the topography of the substrate. Planarization of 
the substrate surface is critical to allow further surface micromachining of the microshutters.  
 
MEMS-MEMS and MEMS-CMOS integrations have been widely investigated over the past 
decade. Integration of microsystems with CMOS circuitry and other microsystems is typically 
achieved when the microsystems are surface-micromachined [5.2]. While bulk-micromachining 
technologies allow the fabrication of devices unrealizable by standard surface-micromachining 
technologies, it also profoundly modifies the topography of the substrate. Specifically, DRIE 
steps, which can create trenches hundreds of microns into the substrate, are usually performed at 
the end of the fabrication sequence. This is because the non-planar topography of the substrate 
surface makes it difficult to perform any further lithographic-based processing, especially if the 
surface micromachined structures have exceedingly fine features.  Several processes have been 
introduced in order to address this problem, including low pressure chemical vapor deposition 
(LPCVD) silicon dioxide deposition, LPCVD polysilicon deposition, and thermal oxide growth, 
combined with various etch-back methods [5.3, 5.4, 5.5, 5.6], to planarize the surface. These 
processes involve the use of high temperatures and therefore are difficult to integrate with CMOS 
circuitry, unless CMOS and MEMS process steps are intertwined.  
a) b) 
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In order to mechanically tune the resonators, built within the bulk of an SOI wafer, by selectively 
depositing metal on each clamped-clamped beam individually, the microshutters must span over 
the trenches, unlike other processes where microactuators are built next to trenches. Planarization 
over the trenches must then be optimal to allow correct further photolithography steps.  
 
Two microshutter integration processes based on two different CMOS compatible planarization 
processes are presented in the following sections. 
 
 
5.3.1 Sacrificial heat-degradable polycarbonate for microshutter integration 
 
The planarization technique presented in this section is based upon a trench-refill process 
utilizing heat-degradable polycarbonates as sacrificial materials. 
 
5.3.1.1 Heat-degradable sacrificial polymers 
 
Sacrificial layers are key elements in the fabrication of microsystems, as they allow freely 
moving structures or define gaps and cavities. Silicon dioxide has been extensively used as a 
sacrificial material since its deposition and growth are well understood, and its etching can be 
very selective to silicon. Metals, such as copper, titanium or chromium are also easily accessible 
and selectively removable. In some cases, because of the large volumes of sacrificial materials 
required, metals, oxides or nitrides are not appropriate candidate materials; instead, dissolvable 
polymers such as photoresists are commonly used. However, the development of a suitable 
fabrication sequence based on these materials may be challenging. Polymer layers may reflow, 
crack, or shrink under post-processing conditions such as temperature changes or stress 
introduced by overcoating materials. Even if this issue can be resolved, long dissolution times in 
solvents are typically required to remove substantial volumes of polymer; and polymeric residues 
(e.g., for encapsulation applications) can remain a significant problem. 
 
The process presented in this section focuses on the use of heat-degradable polymers as sacrificial 
layers for MEMS applications.  Such materials typically decompose into volatiles when heated to 
appropriate temperatures.  Several candidate materials have recently emerged which combine 
microfabrication processability with thermal decomposition properties. The use of heat-
degradable functionalized polynorbornenes and polycarbonates  has been introduced for the 
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fabrication of air-gaps [5.7,5.8], with the application of production of low-dielectric-constant 
materials for high frequency chip interconnection, a key point highlighted by the National 
Technology Roadmap for Semiconductors [5.9].  When heated to temperatures varying between 
250˚C to 400˚C, these materials decompose into volatile compounds. The decomposition reaction 
of suitable polycarbonates as well as the fabrication of air gaps is described in detail by 
Jayachandran et al. [5.10].  
 
The typical fabrication process involving these materials mimics that of a photoresist-based 
sacrificial polymer process: the polymer is spin-cast onto a substrate from solution, soft-baked to 
remove excess solvent, and then photo-defined or dry-etched to form regions of sacrificial 
polymer. Various over-coating materials, such as low temperature PECVD silicon dioxide, 
polyimides, or epoxies, are then deposited or cast onto the sacrificial polymer.  An interesting 
characteristic of these overcoats is that they have been demonstrated to be permeable to the 
decomposition products of the polymer.  Therefore, upon heating, the polymer decomposes and 
the products diffuse through the overcoat, forming encapsulated channels.   
 
In this work, two polycarbonate materials are studied. The two materials chosen are 
poly(cyclohexene carbonate), referred to as PCC (Fig 5.5.a); and polypropylene carbonate, 
referred to as PPC (Fig 5.5.b).  The latter polymer is commercially available from Promerus, Inc. 
under the name of Unity 2203P.   
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5.3.1.2 Planarization process 
 
Although planarization results will be shown for both polymers, the fabrication sequence is 
described for PCC since the processing of the two polymers is substantially similar. The 
fabrication sequence, presented in Figure 5.6, shows how the PCC is temporarily used as a refill 
material prior to being decomposed through a porous PECVD silicon dioxide layer, which has 
been deposited on top of it.  This decomposition process leaves behind an “empty” trench which 
is capped by the planarized silicon dioxide layer. Since the inorganic capping layer is not 
susceptible to solvent-induced wrinkling or cracking, thick sacrificial layers without the usual 
polymer drawbacks are enabled. 
 
The details of the process are given below:  
 
a) Trenches 15 µm deep and up to 5 µm wide are etched into a silicon wafer using an ICP etch. 
b) The sacrificial polymer is then spin-coated on the surface and soft-baked. Due to the excellent 
planarization properties of the PCC, the material flows into the etched trenches as well as 
coats the surface of the wafer. 
c) The excess polymer in the fields is removed by gentle polishing, leaving the polymer present 
only in the trenches. 
d) A 2 µm thick layer of porous silicon dioxide is deposited at low temperature (100˚C) using 
PECVD. The SiO2 thickness may vary from 0.5 µm to 2.5 µm, depending on the application. 
e) The sacrificial polymer is decomposed and vaporized through the porous SiOB2B. The PCC is 
decomposed in a nitrogen-purged tube furnace using the following heating steps: the 
temperature is ramped from room temperature to 150˚C at 3˚C /min, 150˚C to 300˚C at 















Figure 5.6- Planarization process 1 
 
 
5.3.1.3 Planarization results  
 
Figure 5.7.a shows a cross-sectional SEM of a trench refilled by PCC, polished, and coated with 
low temperature PECVD oxide.  As shown in Figure 5.7.b, the surface of the substrate after oxide 
deposition but before PCC removal analyzed using a profilometer presents a non-planarity of 








PCC SiOB2 B Substrate 
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Figure 5.7-(a) SEM or the trench after PCC refill, polishing and low-temperature SiOB2B 
deposition; (b) Profile of the substrate surface 
 
Depending on the measurement sample, both depressions as well as peaks are observed; but in all 
cases the magnitude of the non-planarities is less than 300 nm.  The PCC was then thermally 
decomposed.  A cross-sectional view of the trench after decomposition of the PCC through the 
porous SiOB2 B is shown in Figure 5.9.a. The trench is free of polymer and residue and the SiOB2B 
membrane has neither visibly sagged nor broken. Furthermore, the profilometer trace shown in 
Figure 5.9.b confirms that the SiO B2 B membrane is not affected by the decomposition step and 
reaffirms the quality of the surface planarization. Again, depending on the measurement sample, 
both depressions as well as peaks were observed, but in all cases the magnitude of the non-
planarities was less than 300 nm.  In this particular case, the surface of the substrate exhibits a 
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Figure 5.8-Trench aspect after PCC decomposition; (a) SEM (b) Profile of the substrate surface 
above “empty” trench 
 
Although the planarization process has been deeply investigated on 3 µm wide and 15 µm deep 
trenches, it can also be applied to much larger trenches or cavities. Figure 5.9 shows SEMs of 
trenches of different widths, 5 µm (Fig. 5.9.a), 20 µm (Fig. 5.9.b) and 50 µm (Fig. 5.9.c) covered 
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Figure 5.9-Wide trenches covered with a 3 µm thick SiOB2B film. a) 5 µm wide trench; b) 20 µm 
wide trench; c) 50 µm wide trench. 
 
 
5.3.1.4 Microshutter integration 
 
At this stage of the process, the trenches are free of polymer, and the wafer surface is flat. The 
substrate can now be subjected to various micromachining processes such as high temperature 
steps, photolithography, wet and dry etchings, or material depositions. It should be noted that all 




The fabrication process developed for fabrication of microshutters on unprocessed silicon wafers 
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(a) A 1.5 µm thick layer of Ti/Cu/Ti is deposited on the planarized substrate.  
(b) Photoresist SPR 220 is spin coated (500 rpm/sec; 2500 rpm; 30 sec) soft-baked (3 min at 
95°C), exposed, post-baked (1 min at 70°C) and developed (2:30 min in MF319). The 
electroplating mold is 9 µm thick. 
(c) A 7 µm thick nickel layer is electroplated and the photoresist is stripped. 









The fabricated devices are observed under SEM. Figure 5.11.a shows an overall view of the 
shuttle. The trenches outlining the various elements of the resonator are visible. The comb-drive 
electrodes are displayed on Figure 5.11.b. Figure 5.11.c shows a flexural beam suspended over a 
trench. The portion of the beam positioned over the trench looks identical to any other portion of 
the beam. Finally, Figure 5.11.d focuses on the aspect of isolation trenches after microshutter 
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Figure 5.11-SEMs of a microshutter integrated over a resonator. (a) Overall tilted view; (b) 
close-up view of the comb-drive electrodes; (c) flexural beam suspended over a trench; (d) no 

















The integrated microshutters are tested under the microscope of a probe-station. As mentioned 
earlier, actuation voltages on the order of 150 V are required to clamp the shuttle T-element onto 
the stopper, and fully open the shutter. Actuation voltages up to 80 volts have been applied to the 
microactuator. Over 80V, the porous SiO B2 B layer does not provide enough insulation and the 
shutter cannot be fully opened.  
 
The planarization of the substrate surface and the range of post-processing available for surface-
micromachining determine the viability of the trench-refill process. Unlike previous polymer 
approaches, the presented process possesses the desirable feature that the trenches are refilled 
with air. As long as the SiOB2 B membrane is not removed, a wide variety of post-processing options 
are available. The microshutters integrated on the non-planar surface are mechanically viable but 
the porous layer of low-temperature PECVD SiO B2 B does not provide sufficient electrical insulation 
at high actuation voltages (approximately 80V). Even though the microshutter have been built on 
SiOB2 B layers up to 2.5 µm thick, the required range of displacement could not be reached. While 
the presented planarization technique is suitable to the integration of CMOS circuitry and 
microsystem requiring low actuation voltages,  on top of trenches as wide as 50 µm, it does not 




5.3.2 Layering of PECVD silicon dioxide and metallic layers for microshutter 
integration  
 
5.3.2.1  Planarization process 
 
An alternative planarization process based on layering of PECVD silicon dioxide and sputter-
deposited metallic layers is presented in this section. Deposition of silicon dioxide in PECVD 
reactors presents the advantage of being a low-temperature process, and therefore the deposits 
exhibit a non conformal step coverage property, and can be used to seal trenches that have widths 
on the order of the thickness of the deposited film. The planarization process is depicted in Figure 
5.12, and consists of the following three steps:  
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a) First, trenches 15 µm deep and up to 5 µm wide are etched into a silicon wafer using an ICP 
etch. 
b) A 3 µm thick PECVD SiO2 layer is then deposited. The parameters of SiO2 deposition are 
given in Table 5.2. 
c) Finally a 3 µm thick Ti/Cu/Ti layer is sputtered deposited on the oxide. 
 
Process conditions Value 
Temp 300°C 
SiH4 (2% in NH4) 150 sccm 
N2O 400 sccm 
Pressure 900 mTorr 
Power 20 W 
Time 75 min 
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5.3.2.2 Planarization results 
 
Substrate planarization resulting from deposition of a 3 µm thick PECVD oxide is presented in 
Figure 5.13. Figure 5.13.a and b show the characteristic PECVD oxide deposition profile. Oxide 
deposition occurs at the very top of the trench. As the oxide layer becomes thicker, the trench is 
closed. The profile of the surface is monitored with a TENCOR alpha step profilometer. The dip 
observed in the middle of the trench is about 380 nm deep.  
 
 
Figure 5.13-a) SEM or the trench after PECVD oxide deposition (b) up-close SEM view of the 
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A thicker oxide layer could be deposited, but the layer may develop cracks due to the high tensile 
stress characteristic of thick oxide layers. Instead, a 3 µm thick Ti/Cu/Ti layer is sputter-deposited 
over the oxide. A SEM cross-sectional view of the planarized substrate is shown Figure 5.14.a. 
The profile of the substrate surface is obtained from the TENCOR profilometer. The dip present 
in the middle of the trench has been reduced from 380 nm to 215 nm (Fig. 5.14.b).  
 
 
Figure 5.14-a) SEM or two trenches after PECVD oxide deposition and Ti/Cu/Ti sputtering; (b) 
Profile of the surface above the trench 
 
The planarization technique introduced in this section is CMOS compatible, and allows a very 
fast turn around. Only a few steps are required to obtain planarization of a 15 µm deep and 3 µm 
wide trench. Deposition of a thick Ti/Cu/Ti layer has improved the planarization, but further 
investigations on the PECVD oxide deposition process conditions might remove the need for 
sputtering. Contrary to the previous planarization method introduced in Section 5.2.1, the 
technique presented here is restricted to substrates exhibiting fairly narrow trenches. 
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Planarization of the substrate allows fabrication of the microshutter spanning over the trenches. 
The overall fabrication process on SOI wafer is presented in Figure 5.15. 
 
a) The sequence starts with the fabrication of the resonator, introduced Chapter 4 Section 4.3.1. 
b) The substrate surface is planarized using the planarization process introduced in the last   
section (Section 5.2.2.1). 
c) Finally the microshutters are nickel electroplated in SPR220 photoresist molds (see 
fabrication detailed in Chapter 3 Section 3.2.2.2) 
 
 




After fabrication, the integrated microshutters are observed in an SEM. Figure 5.16.a shows an 
overall view of a microshutter integrated on an SOI resonator. The resonator beam and electrodes 
appear clearly on the pictures (contrast difference) because they are laying on oxide pads and are 
therefore insulating from each others. Figure 5.16.b shows a close-up view of the microshutter. 
Comb-drive electrodes, shutter opening, T-element and stopper are presented. A tilted view of the 
device is displayed in Figure 5.16.c. The microshutter lays flat (no stress) 6 µm above the 
substrate. Finally, Figure 5.16.d shows that the trenches are free of residues and the substrate 













Figure 5.16-SEM of microshutter integrated over SOI based resonator; (a) overall view; (b) 
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Integrated microshutter test 
 
 
The microshutters are tested under the microscope of a probe station. Figure 5.17.a shows a 
device under test. Test probes are supplying 150 V DC to the comb-drive electrodes. The shuttle 
is electrically grounded. The mechanical stopped is held near ground through a resistance meter. 
Figure 5.17.b shows the T-element clamped on the mechanical stopper. Figure 5.17.c shows a 
close-up view of the microshutter opening. The resonator beam is visible through the 
microshutter opening. Displacement of the shuttle over the entire width of the microresonator 




Figure 5.17-Integrated microshutter test. (a) Overview of the device under test; (b) the 
microshutter T-element is clamped on the mechanical stopper; (c) close-up view of the 
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5.4 Individual resonator tuning 
 
 
Proper functioning of integrated microshutter being verified, individual mechanical tuning of 
microresonators in PVD system during metal deposition may be performed. The experimental 
setup presented in the next section does not allow simultaneous resonator testing. Individual 
resonator tuning will be verified by demonstrating controlled material deposition on a single 
resonator.  
 
5.4.1 Experimental setup 
 
After fabrication the substrate is diced into smaller chips and placed into a DIL package. 
Microshutter and microresonator pads are wire-bonded to the package pads. In order to protect 
electrodes and pads from shorting during metal deposition, the package is capped with a drilled 
Kapton film (see Chapter 3, Section 3.2.3.2). The package is soldered to the PCB board on which 
the resonator output signal is amplified (Fig. 5.18). Moreover, three electrical wires providing 
voltages to the microshutter and sensing from the mechanical clamp are soldered to the package 
pins.   
 
 
Figure 5.18- Packaged microdevice soldered on PCB board 
 
The overall experimental setup is presented in Figure 5.19. The PCB board is placed into the 
vacuum chamber, (1), of a filament evaporator equipped with electrical feedthroughs. The 
amount of evaporated metal reaching the microshutter can be read on a computer, (2), connected 
to a deposition monitor. A thermocouple placed at the surface of the package monitors the 
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and (5). Resonator frequency responses are recorded by the network analyzer, (6), and transmitted 
to the computer (7). Actuation voltages are supplied to the microshutter electrodes by (8), and 
monitored by (9). Clamping of the microshutter onto the mechanical stopper is verified by 




Figure 5.19-Experimental setup for individual resonator tuning by controlled metal deposition  
 
 
5.3.2 Individual resonator tuning by controlled metal deposition  
 
 
The resonator under test, in the PVD chamber, is 400 µm long, 4.81 µm wide and 10 µm thick. 
Prior to any metal deposition the resonance frequency and Q of the microresonator are measured 
to be 244.63 kHz and 21,000, respectively (Fig. 5.20.a).  The metal crucible is then heated and 
when the deposition rate average 1.5 Å/sec the PVD system mechanical shutter is opened. With 
the exception of areas positioned under the microshutter, a gold film is deposited over the entire 
substrate. The microshutter is then actuated by providing 150 V DC to the comb-drive electrodes. 
Full range of motion is verified by reading low resistance between the microshutter T-element 
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deposition of 160 nm of gold, the microshutter is returned to its initial position; the microshutter 
is closed, no more gold atoms reach the resonator beam. The resonator is then tested a second 
time. Resonance frequency and Q of the mechanically tuned resonator are measured to 235.54 
kHz and 8,000, respectively (Fig. 5.20.b). As expected the frequency shift is about 3.8%.  
 
 
Figure 5.20-Microresonator selective mechanical tuning; a) before tuning; b) after tuning   
 
 
Integrated microshutter and tuned resonator are observed under an optical microscope after 
testing. Figure 5.21 shows a picture of the overall structure. The gold atoms going though the 
drilled Kapton film form a thin-film in the central area of the microshutter and microresonator. 
The microshutter is then removed by etching the SiO2 sacrificial layer in diluted HF. Figure 5.22 
shows an optical picture of the resonator substrate after removal of the microshutter. The darker 
area shows the microshutter shadow. Again, deposition of gold on the resonator beam is 
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Figure 5.21-Microresonator and microshutter after gold deposition  
 
 





Individual resonator mechanical tuning is demonstrated in this chapter. The integration of 
microshutters on top of bulk-fabricated microresonators relies on substrate planarization. Two 
CMOS compatible planarization processes are developed.  
 
First, heat-degradable polycarbonates are used as sacrificial polymers to refill the resonator 
insulation trenches. After casting and polishing the polymer layer a low temperature silicon 
dioxide layer is deposited. The polymer is then decomposed at 300°C and leaves behind covered 
empty trenches. The oxide layer bridging the trench is analyzed. Formerly 15 µm deep trenches 
now exhibit dips on the order of 120 nm. Microshutters are successfully surface micromachined 
over the planarized substrate. While the presented planarization process enables bridging of wider 
Wire-bonds
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trenches, the porous SiO B2B layer does not offer sufficient insulation to generate full displacement 
of the microshutter. 
 
Second, a planarization process based upon layering of PECVD SiOB2 B and sputtered metallic 
layers is developed. PECVD reactors allow deposition of silicon dioxide at low-temperature. 
Therefore, the deposit step coverage is highly non-conformal. Since the resonator insulation 
trenches are about 3 microns wide, deposition of a 3 microns thick SiOB2B layer results in substrate 
planarization. Deposition of another 3 µm thick layer of sputtered Ti/Cu/Ti enhances surface 
smoothness. Dips on the order of 210 nm are measured. Surface micromachined shutters are 
successfully integrated on the planarized substrate.  
 
Individual tuning is demonstrated by adjusting the position of the integrated microshutter, and 
hence controlling the amount of gold particles deposited on the resonator beam. Individual 
mechanical resonator tuning on the order of 3.9% is successfully achieved. While the 
experimental setup does not offer simultaneous testing of multiple resonators, the experiment 
demonstrates that the tuning is actively controlled. Selective tuning of a resonator array could be 






6. Conclusions  
 
Integrated microactuated multi-layer stencils have been developed for surface micro and nano 
patterning. Dynamic repositioning of microactuated shadow masks while metal deposition occurs 
in PVD systems or etching agents are transferred to the substrate have allowed definition of three-
dimensional micro and nanostructures.  
 
The capabilities of the patterning technique have been demonstrated in two different applications. 
First, reconfigurable multi-layer shadow masks have been utilized to define three-dimensional 
micro and nanostructures of varying compositions. Second, active microshutters have been 
integrated over MEMS resonators to enable individual tuning by selectively controlling the 
amount of materials deposited at the surface of each resonating element.  
 
Surface patterning using shadow masking techniques has been used for decades in numerous 
configurations. Most of these techniques are based on heterogeneous integration of the shadow 
masks over the substrate, leading to resolution and alignment uncertainties. It has been 
demonstrated in the geometrical analysis developed in this thesis that the separation between 
shadow mask and substrate must be minimized in order to define features with high resolution. 
Multiple layers of shadow masks have then been integrated on the substrate in order to reduce this 
gap to a few microns and remove misalignment issues.    
 
An integrated double-layer polymeric structure has been developed in order to demonstrate the 
patterning capabilities of the technology. Microlines, an order of magnitude smaller than the 
shadow masks openings have been patterned by actively controlling the mask opening overlap 
during metal deposition. Because of the temperature increase in the PVD chamber while metal 
deposition occurs, polymeric structural materials are not favorable to the definition of features 
within the nano-scale.  
 
The movable mask of the multi-layer structure has then been fabricated within the thickness of a 
metallic microactuator exhibiting controlled nano-scale displacements. Moreover, the polymeric 
fixed mask has been defined by laser ablation through the openings of the mobile mask, resulting 
in excellent alignment of the two stencil layers. Micro and nanoscale structures varying spatially 
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as well as compositionally in the x, y and z directions have been successfully deposited and 
etched without the need for nanolithography.  
 
Nevertheless, since the position of the mobile mask, and as a consequence, the size of the overlap 
created between the two masks, is mechanically controlled, the size of the features patterned on 
the substrate may not be precisely defined due to spatial variations arising during fabrication of 
the shadow masks. Extensive metrology of each microstructure is necessary in order to pattern 
the expected features prior to material deposition or etching. In future device generations, it might 
be desirable to replace the mechanical clamping positioning system by active sensing circuitry. 
Moreover, fabrication constraints may present strong limitations in terms of feature size 
reductions. While nanolines on the order of half micron have been demonstrated, it might be 
difficult to pattern features smaller than 200 nm even after optimization of the stencils design and 
fabrication. On the other hand, the ability to actively reposition the shadow-mask openings during 
successive material depositions or etchings may allow the fabrication of three-dimensional 
structures with varying compositions, otherwise unrealizable. Moreover, PVD system capabilities 
are highly enhanced by the patterning method, as various features and materials may be 
selectively patterned on various areas of the substrate. The number of photolithography steps 
required to complete a given process could be dramatically decreased by the generalization of 
such patterning method.  
 
As a second demonstration vehicle, single-layer shadow mask structures acting as individually 
actuated microshutters have been utilized to selectively tune MEMS resonators. A novel 
resonator mechanical tuning method based on controlled metal deposition on the top surfaces of 
resonating elements has been introduced and demonstrated. Large frequency shifts on the order of 
15% with fine resolution have been verified on silicon resonating beams coated with gold. The 
performances of the tuned resonators have also been observed and modeled. By adding a short 
annealing step at low temperature after metal deposition, the quality factors of the tuned 
resonators are similar to their high initial values. 
  
Unlike previously reported tuning methods, the deposition of materials on microresonators is not 
specifically tailored to one type of resonator or restricted to large structures, but is applicable to a 
wide variety of resonators. The presented tuning method also possesses the advantage of 
providing both high tuning resolution and large tuning power. A large number of MEMS 
resonators soon to be implemented as sub-elements in future generations of communication 
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systems are based on electrostatic actuation. With the rapid advancements of today’s fabrication 
technologies, it is possible that capacitive transducing gaps with sizes in the tens of nanometers 
will provide electrostatic tuning with the same order of tuning power demonstrated in the 
presented method. Nevertheless, controlled deposition of materials remains highly interesting for 
resonators exhibiting large transducing gaps. This technique may also be employed for deposition 
of passivation layers without affecting the resonance frequency of resonators 
 
Microshutters have also been integrated over bulk-fabricated resonators. Because the surface of 
the substrate exhibits non-uniformities due to resonator fabrication, it is essential to planarize the 
substrate before surface-micromachining the microshutters. Two CMOS compatible planarization 
processes have been developed.  
 
First, heat-degradable polycarbonates have been utilized as sacrificial materials in a trench-refill 
process. When heated to temperatures approximating 300°C, the polymeric material vaporizes 
through an overcoating layer (porous oxide in this case).  The air-refilled trench is then covered 
by the oxide film. While this planarization technique is suitable to the integration of CMOS 
circuitry and microsystems requiring low actuation voltages, on top of trenches as wide as 50 µm, 
it does not satisfy the integration of the microshutters of interest, which require higher actuation 
voltages. However, the planarization technique may be more generally applied to encapsulation 
of various microsystems. The creation of gas or vacuum-refilled trenches or cavities after 
decomposition of the polymeric materials could represent a first step towards encapsulation 
processes.  
 
A second planarization process relying on the layering of PECVD SiOB2 B and sputter-deposited 
metal, exhibiting thicknesses as wide as the trench to cover, has also been developed. After 
planarization, the substrate profiles have been analyzed. Asperities on the order of 200 nm have 
been recorded above 10 µm deep trenches. Since the thick oxide layer provides a good electrical 
insulation and the surface of the substrate is planarized, microshutters are surface micromachined 
on top of the bulk-microfabricated resonators. After packaging, individual tuning of a 
microresonator has been performed. Selective deposition of 160 nm of gold on a microresonator 
has resulted into frequency variation of 3.8%. After tuning the microshutter, used as machining 





While the integration of this tuning method at the wafer-scale might be difficult due to the 
numerous electrical connections necessary to control a large number of actuators, it is certainly 
applicable to microresonator tuning at the die-scale. Moreover, an alternative heterogeneous 
microshutter-microactuator integration scheme based on the fabrication of microshutters on a 
separate wafer, used as a “wafer tool” could enable resonator tuning on different substrates 
without resorting to surface planarization processes.    
 
For decades microsystems have provided a bridge between electronic circuitry and environmental 
stimuli. The development of large and costly equipment has been necessary to fabricate large 
quantities of devices exhibiting micron and sub-micron size features. Nowadays, as devices 
become smaller and are pushing the limits of photolithography, scientists are considering using 
microsystems as microtools to reach deeper in the nano-scale. This thesis has introduced and 
developed microsystems, fabricated using standard fabrication technologies, to define micro and 
nanostructures of various shapes, sizes and compositions otherwise difficulty realizable with 
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Chapitre 1: Introduction 
 
1.1  Motivations 
 
Les développements en matière de technologies de microfabrication appliquées à la 
microélectronique ont permis de définir des structures à l’échelle micrométrique de manière 
précise, rapide et reproductible [1.1]. Récemment, la fabrication de nanostructures a connue 
d’importants développements. Deux approches ont été principalement envisagées : l’approche 
« top-down » et l’approche «bottom-up ». L’approche « top-down » consiste en l’ultime 
miniaturisation des techniques de microfabrication afin de produire des structures de l’ordre 
d’une dizaine de nanomètres. Des structures nanoscopiques sont définies à la surface d’un 
substrat par lithographies et gravures en utilisant des équipements d’une grande résolution. 
L’approche « bottom-up » consiste en l’assemblage d’atomes et de molécules formant des 
structures nanométriques. L’auto-assemblage de molécules sur des surfaces chimiquement 
activées et le dépôt  de matériaux au sein de moules de dimensions nanométriques sont deux 
exemples typiques.  La définition de structures nanométriques par l’approche « bottom-up » a 
ouvert un nouveau champ de recherche en microfabrication. En effet, afin de manipuler et 
d’assembler des atomes et des molécules, de nouveaux outils ont été développés. Les 
microsystèmes ne sont alors plus seulement utilisés comme capteurs ou actionneurs mais 
également comme micro-outils permettant la fabrication de nano-structures. La dérivation de 
techniques de caractérisation telle que la microscopie à force atomique, appliquées aux 
positionnements et déplacements d’atomes et de molécules de manière individuelle [1.2], ou la 
conception de micro-pinces [1.3, 1.4], font l’objet d’intenses recherches dans de nombreux 
laboratoires universitaires et industrielles.  
 
Le sujet de cette thèse est d’introduire une nouvelle technique de structuration en  utilisant des 
microsystèmes agissant comme micro-outils, visant non seulement à la fabrication de micro- et 
nano-structures tridimensionnelles, sans recourir aux techniques de nanolithographie, mais 
également à l’uniformisation des microcomposants souffrant de variations spatiales inhérentes 
aux techniques de microfabrication.  
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1.2  Objectifs de recherche 
 
Les micro-outils présentés dans ce mémoire sont constitués de multiples couches de 
micromasques intégrés à la surface du substrat, et dont la position peut être ajustée en temps réel 
et in situ alors que des particules métalliques et des agents de gravure sont transférés sur le 
substrat. En ajustant la position des micromasques, il est possible de définir des structures 
tridimensionnelles de compositions variables avec une résolution à l’échelle nanométrique, sans 
recourir aux techniques de nanolithographie. De nombreuses méthodes de structuration basées sur 
l’utilisation de micromasques ont été développées dans la littérature [1.5, 1.6, 1.7, 1.8]. 
Néanmoins, les masques utilisés dans ces travaux sont généralement immobiles ou intégrés au 
substrat de manières hétérogènes.  L’un des objectifs de cette thèse est de déterminer les facteurs 
influençant la résolution des structures définies sur le substrat au travers de micromasques, et de 
définir une série de conditions auxquelles les micro-outils développés doivent répondre afin 
d’optimiser les performances de la méthode de structuration. Il serait alors possible de fabriquer 
des structures tridimensionnelles et également de réduire le nombre d’étapes de photolithographie 
de différentes procédures de microfabrication en permettant de définir des structures de tailles et 
compositions variables, en une seule étape de dépôt dans un bâti d’évaporation. 
 
Afin de démontrer la diversité des applications de la méthode de structuration présentée, les 
micro-outils sont utilisés pour réaliser des dépôts de couches métalliques d’épaisseur contrôlée 
sur des microrésonateurs afin d’ajuster leurs réponses fréquentielle. Les récents développements 
en matière de systèmes de communication ont forcé le marché à acquérir des composants de plus 
en plus petits et efficaces. Une grande majorité de téléphones portables et autres systèmes de 
communication sans fils nécessitent l’utilisation de composants stables et performants. Les 
composants monolithiques tels que les cristaux vibrants et composants acoustiques à surfaces 
vibrantes, aujourd’hui utilisés pour remplir des fonctions d’oscillations, de filtrages et de mixage 
de fréquences, présentent l’avantage d’être extrêmement performants et stables. Néanmoins, ils 
contribuent en grande partie à la taille importante de l’ensemble du système, car ils ne peuvent 
être intégrés directement aux circuits électroniques, mais nécessitent l’utilisation d’une carte de 
circuits imprimés. 
Le développement de technologies de microfabrication, intégrables de manière homogène, aux 
circuits électroniques apporte une solution nouvelle. En effet, il a été démontré que les 
microrésonateurs mécaniques offrent des caractéristiques semblables aux composants 
monolithiques en terme de performances et de stabilités [1.9]. De plus ils peuvent être intégrés 
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aux circuiteries électroniques. D’autre part, leurs conceptions et fabrications peuvent être 
facilement adaptées à de nombreuses applications.  
Les microsystèmes souffrent néanmoins de problèmes inhérents à l’utilisation de technologies de 
micro-usinages. Alors que des centaines de microsystèmes identiques sont fabriqués 
simultanément sur un même substrat, ils ne présentent pas tous les mêmes caractéristiques. En 
effet, d’infimes variations de température, d’écoulement ou de pression durant les différentes 
étapes de fabrication, se traduisent par la fabrication de microsystèmes de dimensions différentes. 
Il est alors nécessaire de re-usiner chaque composant afin de les uniformiser. Alors que de 
nombreuses méthodes d’ajustement de la fréquence de résonance de microrésonateurs ont été 
présentées, celles-ci sont restreintes à un type particulier de composants. Il est donc intéressant de 
développer une nouvelle méthode de correction, applicable à différents types de 
microrésonateurs.  L’analyse théorique, la modélisation, la vérification expérimentale de cette 
méthode permettra de comparer ses performances par rapport aux techniques précédemment 
introduites.  
  
1.3      Plan de la thèse 
 
Dans le deuxième chapitre, nous discutons le concept de la technologie. De multiples couches de 
micromasques mobiles intégrés à la surface du substrat et dont les positions peuvent  être ajustées 
en temps réel, durant des dépôts ou gravures de matériaux, permettront de créer des structures 
tridimensionnelles à l’échelle nanométriques et de compositions variables. 
 
Dans le troisième chapitre, nous présentons une méthode d’ajustement de la réponse en fréquence 
de microrésonateurs mécaniques utilisés comme filtres, oscillateurs et mélangeurs de fréquences. 
Cette méthode repose sur le dépôt de matériaux d’épaisseurs contrôlées à la surface de 
microrésonateurs. Des microrésonateurs en silicium monocristallin seront fabriqués et utilisés 
comme démonstrateurs. D’autre part, les performances des résonateurs sont étudiées et 
modélisées. 
 
Dans le quatrième chapitre, nous développons des micromasques mobiles, utilisés comme micro-
outils, à la surface de microrésonateurs afin de contrôler l’épaisseur de couches métalliques 
déposées sur chaque résonateur. Ces micro-outils permettent d’ajuster la fréquence de résonance 
de microrésonateurs de manière individuelle. Afin d’intégrer les micromasques à la surface du 
Chapitre 1  
 176
substrat au sein duquel les microrésonateurs sont fabriqués, une méthode de re-surfaçage à basse 
température est présentée.  
 
Finalement, dans le cinquième chapitre, nous résumons et concluons cette thèse. Nous proposons 
également les perspectives et les évolutions qui s’inspirent des travaux présentés dans ce 




Chapitre 2: Développement de micromasques multi-
couches amovibles intégrés visant à la fabrication de 
micro- et nano-structures 
 
2.1       Introduction 
 
La fabrication de microsystèmes et de circuits intégrés repose sur le procédé de 
photolithographie. Il consiste en le tournage d’une couche de résine photosensible à la surface 
d’un substrat, suivie de l’insolation de cette résine par une source de lumière ultra violette (UV) à 
travers un masque. L’image imprimée sur le masque est transmise au sein de la résine, et les 
régions insolées peuvent être dissoutes à l’aide d’une solution de développeur (dans le cas de 
résine positive). L’échantillon est alors composé de régions recouvertes de résine et d’autres nues. 
Il est possible de graver les couches inférieures exposées en utilisant une solution adaptée. Alors 
que la procédure de photolithographie est considérée comme un procédé de base, elle restreint 
considérablement le spectre de matériaux utilisable pour la fabrication d’un microsystème. 
Certains matériaux pourvus de  propriétés mécaniques, électriques, thermiques ou optiques 
intéressantes, restent inutilisables parce qu’ils ne peuvent pas être gravés en présence de résine. 
Dans d’autres cas, le tournage de résine photosensible peut simplement s’avérer impossible. Par 
exemple, si la surface de l’échantillon a été fragilisée par des étapes de fabrication précédentes, 
ou si cette même surface a été biologiquement ou chimiquement activée, le dépôt de résine est 
susceptible de dégrader la surface de l’échantillon.  
 
Afin de résoudre ces problèmes, plusieurs groupes de recherches se sont penchés sur l’utilisation 
de micromasques positionnés à la surface de l’échantillon et au travers desquelles des matériaux 
peuvent être déposés. Les étapes de tournage de résines et de gravure sont ainsi éliminées [2.8, 
2.9, 2.10]. Les micromasques sont généralement préfabriqués, et peuvent donc être soumis à une 
grande gamme de procédures de microfabrication sans endommager l’échantillon [2.13]. 
Les principaux problèmes associés à l’utilisation de ces masques sont liés à leurs difficiles 




De nombreuses méthodes d’alignement ont été suggérées, mais elles sont adaptées à la 
conception d’un unique microsystème. Ces méthodes de fabrications sont difficilement 
généralisables à d’autres procédures.  
Le second problème réside en le fait que les micromasques sont suspendus plusieurs dizaines ou 
centaines de microns au dessus de la surface du substrat. Il existe donc une séparation entre le 
masque et la surface de l’échantillon. Pour cette raison, la résolution des structures définies est 
faible et varie d’un échantillon à l’autre.  
 
Le principe  d’utilisation des micromasques développés dans cette thèse est radicalement différent 
des approches précédentes. En effet, au lieu d’utiliser des masques immobiles interchangeables, 
nous avons développé des micromasques qui peuvent être actionnés en temps réel alors que les 
matériaux sont déposés sur le substrat. La composition et la taille des dépôts peuvent donc être 
ajustées, en temps réel dans les trois dimensions de l’espace. L’utilisation de micromasques 
présentant des déplacements contrôlés à l’échelle nanométrique permet également de créer des 
structures nanométriques tridimensionnelles. Les micromasques présentés au cours de cette thèse 
sont fabriqués à la surface du substrat afin d’obtenir une résolution optimale.  
 
2.2       Principe d’utilisation de micromasques amovibles 
 
Les couches minces métalliques utilisées lors de la fabrication de microsystèmes sont 
généralement déposées à l’aide d’un bâti d’évaporation. Dans le cas d’un bâti d’évaporation à 
filament chaud, le creuset métallique est chauffé dans une chambre à vide et les particules 
évaporées voyagent de manière directionnelle du creuset au substrat. L’épaisseur des couches 
métalliques déposées sur le substrat est uniforme et peut être ajustée en contrôlant l’état du 
masque mécanique intégré dans le système. Lorsque le masque est ouvert, le métal est déposé sur 
l’échantillon. Inversement, lorsqu’il est fermé les particules ne peuvent atteindre le substrat. La 
technologie que nous présentons dans ce chapitre s’inspire de l’utilisation de multiples couches 
de micromasques intégrés à la surface du substrat et dont la position peut être ajustée en temps 
réel lors de l’évaporation de métaux. Ces micromasques  permettent de sélectionner les particules 
métalliques déposées à la surface du substrat. Le concept de la technologie est présenté sur les 
schémas de la figure 2.1. Un micromasque mobile est fabriqué au dessus d’un micromasque fixe. 
Dans le cas présenté Fig. 2.1.a, les ouvertures des deux masques sont positionnées telles que les 
particules de métal déposées à la surface du substrat sont de tailles identiques aux ouvertures 
définies par les masques. Si la position du masque mobile est ajustée telle que le recouvrement 
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des micromasques crée une ouverture de taille nanométrique, le dépôt métallique transmit sur le 
substrat est également de taille nanométrique (Fig. 2.1.b). Ainsi, des dépôts métalliques 
nanométriques peuvent être définis en utilisant des méthodes de fabrication microscopique. Dans 
le troisième cas, présenté Fig. 2.1.c, la position du masque mobile est telle que les ouvertures des 
masques sont complètement désalignées. Dans cette configuration, les particules de métal 
évaporées depuis le creuset ne peuvent atteindre le substrat.  
 
 
Figure 2.1-Concept d’utilisation de micromasques multicouches mobiles  
 
Cette technologie permet ainsi d’ajuster la taille des dépôts métalliques sur le substrat. Alors que 
les micromasques sont fabriqués à l’aide de procédures de microfabrication classiques, des dépôts 
nanoscopiques peuvent être définis en contrôlant le recouvrement des ouvertures des masques. De 
plus, comme les masques ont la possibilité d’être actionnés en temps réel lors d’évaporations 
successives, des structures tridimensionnelles de compositions et de dimensions différentes 
peuvent être déposées. Le bon fonctionnement d’une telle structure, et par la suite son utilisation 
comme technique de structuration à l’échelle nanométrique, repose sur une série de conditions:  
 
(1) les dépôts métalliques ne peuvent être définis à l’échelle nanométrique que si la position 
relative du masque mobile par rapport au masque fixe est elle-même ajustée à l’échelle 
nanométrique. 
(2) la position relative des deux masques doit également être parfaitement connue et contrôlée 
nanoscopiquement.  
(3) cette méthode de structuration ne peut être adoptée que si les micromasques peuvent être 
détachés du substrat après utilisation. En effet, ces masques ont pour seul but de simplifier ou 
d’aider à la fabrication de structures plus complexes sur le substrat. Ils sont en tous points 
assimilables à des micro-outils. 




Particules de métal évaporées Particules de métal évaporées 
Substrat Masque mobile Masque fixe  
Dépôt de microlignes Dépôt de nanolignes Absence de dépôt 
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2.3  Développement d’un micromasque mobile présentant des 
déplacements contrôlés à l’échelle nanométrique 
 
La fabrication d’une microstructure multicouche visant à la réalisation de structures 
nanométriques à l’aide de technologies de microfabrication standards repose sur le 
développement d’un micromasque mobile dont les déplacements peuvent être ajustés à l’échelle 
nanométrique.  Dans cette partie, nous concevons, fabriquons et testons un tel micromasque. 
L’évaporation de particules métalliques au travers de ce micromasque intégré sur le substrat, nous 
permet de vérifier son bon fonctionnement. Nous démontrons également que l’ajustement de la 
position de ce masque en temps réel offre la possibilité de définir des dépôts nanométriques de 
compositions et de formes variables. 
 
2.3.1 Conception du micromasque mobile 
 
La conception du micromasque mobile se concentre sur le contrôle de son déplacement à 




Figure 2.2-Dessin schématique du microactionneur animant le masque mobile 
 
Navette 












(1) Les ouvertures du masque sont définies au sein de la navette d’un microactionneur. Celle-ci  
est conçue en forme de cercle. L’élément mobile est ancré au substrat grâce à une série de ressorts 
qui autorisent des déplacements dans les deux directions du plan. 
(2) Le masque est actionné à l’aide d’électrodes placées à la périphérie du cercle. Lorsqu’une 
différence de potentiel est appliquée entre le masque et une électrode, le masque se déplace vers 
l’électrode attractive. 
(3) Les stoppeurs mécaniques son également positionnés autour de la navette. Ces stoppeurs sont 
placés tels que, lorsque le masque est attiré vers une électrode, il rentre en contact avec le 
stoppeur avant de percuter l’électrode attractrice.  
 
Le déplacement du masque suivant l’axe X, d BxB, est donné par :  
 
)cos(αstoppeurnavettex gd −=     
 
avec α, l’angle défini entre l’électrode attractive et l’axe X, et gBnavette-stoppeur B, la séparation entre la 
stoppeur et le masque.  
 
Alors que le microactionneur présente des espacements entre les différents éléments le 
constituant, de l’ordre du micromètre, les déplacements du masque mobile sont contrôlés à 
l’échelle nanométrique. De plus, des déplacements d’amplitudes variables peuvent être générés 
(Table 2.1), sans recourir à de complexes circuits de détection.  
 
 








2.3.2      Fabrication du masque mobile 
 
Procédure de fabrication 
 
La procédure de fabrication du microactionneur est schématisée sur la figure 2.3. Le 
microactionneur est constitué de nickel electroformé dans un moule de résine photosensible, 
SPR-220.  
(a) La fabrication débute par le dépôt d’une couche d’oxyde de silicium (300 nm). Cette couche 
permet d’isoler les différents éléments du microactionneur.  
(b) Une couche de Ti (20 nm) / Cu (3 µm) / Ti (20 nm) est ensuite déposée par pulvérisation 
cathodique. Cette couche joue le rôle de couche sacrificielle. 
(c) La résine photosensible SPR-220 est tournée et structurée. La couche de résine de 8 µm 
d’épaisseur, présente des murs de largeur variant de 0,9 µm à 2.5 µm suivant les systèmes. 
(d) Une couche de nickel est déposée par électroformage à l’intérieur du moule de résine.  
(e) La résine est dissoute dans une solution d’acétone et la couche sacrificielle est gravée à l’aide 
d’une solution d’hydroxyde d’ammonium saturée en sulfate de cuivre.  
 
 
Figure 2.3-Procédure de fabrication du microactionneur 
 
Résultats de fabrication 
 
Apres fabrication, le microactionneur est observé par microscopie électronique à balayage 
(MEB). La figure 2.4 présente une vue d’ensemble du microactionneur. La navette circulaire est 
entourée par les électrodes et les stoppeurs. Les ouvertures du masque sont définies dans 
(e) 







l’épaisseur de la navette du microactionneur (Fig. 2.5). L’espacement entre la navette et les 
électrodes est 0,5 µm plus large que l’espacement entre la navette et les stoppeurs (Fig. 2.6).   
 
 
Figure 2.4-Vue d’ensemble du microactionneur sous MEB 
 
Figure 2.5-Vue de l’élément central amovible  
 




















2.3.3       Tests de fonctionnement du masque mobile 
 
Un microactionneur présentant des espacements respectifs entre les électrodes et les stoppeurs de 
2,0 µm et 1,5 µm, est testé sous une station de pointe.  La figure 2.7 présente des photographies 
prises à travers le microscope de la station de pointe. Au repos, l’espace entre le micromasque et 
le stoppeur est visible (Fig. 2.7.a). Lorsqu’une  différence de potentiel est appliquée entre la 
navette et une électrode, le masque se déplace vers l’électrode et rentre en contact avec le 
stoppeur avant de percuter l’électrode (Fig. 2.7.b). Le contact entre le stoppeur et l’électrode est 
confirmé par la lecture d’une résistance électrique nulle entre ces deux éléments. Ce test 
préliminaire démontre le bon fonctionnement du microactionneur.  
 
Figure 2.7-Photographies prises à travers le microscope de la station de pointe. (a) L’espace 
entre le micromasque et le stoppeur est visible; (b) le masque mobile est en contact avec le 
stoppeur 
 
Les microactionneurs sont alors individualisés et encapsulés dans un boîtier DIL (dual in line). 
Les connections électriques du boîtier et de l’échantillon sont couvertes  par un film de Kapton 
prédéfinis par gravure laser. Les particules déposées dans le bâti d’évaporation seront déposées 
uniquement sur la région centrale du microactionneur et les éléments électriques ne seront donc 
pas court-circuités (Fig. 2.8)  
 














Le bon déplacement du micromasque est vérifié en réalisant des évaporations successives de 
métaux et en actionnant les microactuator suivant différents modes. Deux microactionneurs de 
dimensions différentes sont testés. Dans les deux cas suivant, les ouvertures des micromasques 
sont mesurées sous MEB. Elles sont larges de  1.1 µm et longues de 10 µm 
 
Dépôt de lignes espacées de 0.35 µm 
 
Le premier microactionneur testé présente des espacements de 2,5 µm entre la navette et les 
électrodes et 2,0 µm entre la navette et les stoppeurs mécaniques.  Une différence de potentiel de 
100 V est appliquée entre l’élément mobile et une électrode positionnée à un angle de 40° par 
rapport à l’axe X. Une couche de chrome de 15 nm d’épaisseur est alors déposée à travers le 
masque. La tension est relâchée et le microactionneur retourne dans son état initial. Le dépôt 
d’une couche de cuivre de 40 nm d’épaisseur est alors réalisé à travers le masque au repos. Le 
microsystème est ensuite détaché du substrat, et les dépôts sont caractérisés par un microscope à 
force atomique (AFM). La figure 2.9 présente les informations recueillies par AFM. L’étude du 
profile des dépôts révèle la présence de deux lignes de 1.1 µm de large, séparées de 0,3 µm. Les 
épaisseurs des deux lignes sont 15 et 40 nm. Considérant que l’électrode attractive est placée à un 
angle de 40° avec l’axe X,  et que le stoppeur mécanique est espacé de 2,0 µm par rapport à la 
navette, le déplacement du masque devait être de l’ordre de 1,5 µm. La largeur des ouvertures 
étant 1,1 µm, un déplacement de 1,5 µm doit conduire aux dépôts de lignes espacées de 0,3 µm. 
Nous pouvons donc conclure que la position du masque mobile est ajustée avec précision sub-
micronique. 
 










Dépôt de lignes se recouvrant par 0,4 µm 
 
Le second microactionneur est alors testé. Ce dernier présente des espacements entre le masque 
mobile et les stoppeurs mécaniques de 0,9 µm. Un premier dépôt de 80 nm de cuivre est réalisé 
sur le microactionneur au repos. Une différence de potentiel de 20 V est ensuite appliquée entre la 
navette et une électrode placée à un angle de 40° avec l’axe X. Un second dépôt de cuivre, d’une 
épaisseur de 100 nm, est réalisé sur le microactionneur dont la position a été réajustée. Le 
déplacement du masque mobile suivant l’axe X, 0,7 µm, a été calculé analytiquement  (Table 
2.1).  Le microsystème est détaché du substrat, et les dépôts sont analysés avec un AFM (Fig. 
2.10). Deux lignes, larges de 1,1 µm, se chevauchent de 0,4 µm. L’épaisseur du dépôt au niveau 
du recouvrement est de 180 nm. Cette valeur correspond à la superposition des deux dépôts 
successifs. Afin de générer un recouvrement de 0,4 µm, le masque devait subir un déplacement de 
0,7 µm suivant l’axe X. Une fois de plus, l’ajustement expérimental du masque correspond aux 
attentes théoriques.  
 
 
Figure 2.10-Caractérisations AFM après test du second  microactionneur 
 
Ces expériences démontrent que la position du masque mobile peut être ajustée avec une 
précision à l’échelle nanoscopique, alors que le microactionneur est développé à l’aide de 
techniques de fabrication standards. D’autre part, nous avons également démontré que les dépôts 
de structures tridimensionnelles de compositions variables sont réalisables à l’aide de 
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2.4     Fabrication de structures polymériques par gravure laser à 
travers des micromasques amovibles: définition du masque fixe 
 
L’utilisation de structures multicouches vouées à la fabrication de dépôts métalliques 
nanométriques requiert non seulement un masque mobile dont la position doit être ajustée avec 
grande précision, mais aussi des micromasques dont la position relative doit être définie à 
l’échelle nanométrique. La plupart des aligneurs de masques utilisés pour la fabrication de 
microsystèmes et circuits intégrés n’autorisent pas l’alignement de couches minces avec une telle 
précision. Nous développons donc une technique de fabrication visant la réalisation de structures 
auto-alignées.  
 
2.4.1 Concept  
 
Cette technique repose sur la gravure laser de couches polymériques à travers les micromasques 
mobiles précédemment introduits. De manière identique aux particules de métal évaporées, les 
photons assistant la gravure laser voyagent de manière directionnelle. La figure 2.11 présente le 
concept de la technique de fabrication du masque fixe. Le microactionneur précédemment 
introduit est construit sur une couche de polymère (SU8) (Fig. 2.11.a). Un faisceau laser est alors 
utilisé afin de graver la couche de polymère au travers du masque métallique. En effet, les 
photons sont réfléchis par le masque mobile métallique, et atteignent la couche de polymère en 
passant par les ouvertures du masque mobile (Fig. 2.11.b). Le masque fixe est alors la réplique 
exacte du masque mobile. Au repos, la microstructure multicouche est ouverte ; les ouvertures 
des deux masques sont alignées. 
 
 





Laser (b) Laser 




2.4.2 Tests préliminaires 
 
Lorsqu’une couche de polymère est définie par gravure laser, les murs de la structure ne sont pas 
parfaitement droits. Les ouvertures du masque mobile utilisé dans ce cas ont été caractérisées 
sous MEB et leur largeur est de 1,6 µm. Les structures définies par gravure de la couche de 
polymère sont de 1,7 µm de large à la surface de la couche et 1,2 µm au fond. Le schéma en 
coupe de la figure 2.12 résume les dimensions des différents éléments. La photographie MEB 
(Fig. 2.12.b) présente une vue de dessus du masque métallique. L’empreinte du rayon laser dans 
la couche de polymère est visible. La figure 2.12.c présente une photographie de la couche 
polymérique après gravure et détachement du masque métallique. Les dimensions de l’ouverture 
à la surface et au fond de la structure sont affichées sur la photographie. Afin d’accélérer la 
procédure de gravure, la taille du faisceau laser est élargie à 200 µm. Ce diamètre permet de 
définir la totalité du masque fixe en une seule étape de gravure (Fig. 2.13).  
 
Figure 2.12- Résultats du procédé de gravure laser de la couche polymérique à travers le 
micromasque de métal; (a) dimensions des différents éléments; (b) vue de dessus après gravure 






















Figure21.13-Photographie MEB présentant l’empreinte de la gravure laser de la couche de 
polymère à travers le  microactionneur. 
 
 
Le développement de cette technique de fabrication de structures auto-alignées nous permet ainsi 
d’aligner les deux masques de notre structure multicouche avec une résolution sub-micronique. 
 
 
2.4.3 Fabrication de micro/nanostructures polymériques  
 
Cette technique de gravure peut être appliquée à la fabrication de structures polymériques 
présentant des dimensions à l’échelle nanométrique sans avoir recourt à des procédés de 
nanolithographie. Il est possible de créer des structures polymériques nanométriques 
tridimensionnelles en contrôlant la position du masque mobile et le nombre de coups de laser.  
 
Afin de démontrer ce concept, nous avons construit le microactionneur introduit dans le 
paragraphe précédent, au dessus d’une couche de SU8 de 3 µm d’épaisseur. Une première 
gravure est réalisée lorsque le microactionneur est au repos. Une tranchée de 1,1 µm de large et 
10 µm de long est formée dans la couche de polymère. La position du masque mobile est alors 
ajustée en appliquant une différence de potentiel entre la navette centrale et une électrode placée à 
un angle de 40° par rapport à l’axe X. Alors que le microactionneur est activé, une seconde 
gravure laser est réalisée. Une seconde tranchée, identique à la précédente est formée dans la 
couche de polymère.  
 
Apres séparation du masque mobile, les résultats de gravure sont caractérisés sous MEB (Fig. 








dans la couche de polymère. Le mur séparant les deux tranchées a une largeur de 0,4 µm. Le 
rapport de forme de la structure est de 1:7.  Cette technique de fabrication pourrait être appliquée 
à la fabrication de moule pour des dépôts de matériaux par électroformage.  
 
 
Figure 2.14-Photographie MEB présentant la structure formée dans la couche polymérique 
 
 
2.5     Utilisation de micromasques multicouches visant à la 
structuration de dépôts nanométriques 
 
Dans cette partie, nous détaillons la fabrication de l’ensemble de la structure multicouche et nous 
démontrons son fonctionnement en réalisant de dépôts de tailles micro et nanométriques à 




La fabrication de la structure multicouche est présentée Figure 2.15.  
 
(a) La fabrication débute par le dépôt d’une couche d’oxyde de silicium de 300 nm d’épaisseur. 
Cette couche a un double intérêt. Elle permet d’isoler électriquement les différents éléments de la 
structure et sert également de couche sacrificielle pour faciliter la séparation de la microstructure 
par gravure humide, après dépôts des structures métalliques. 
(b) Une couche de SU8 de 4 µm d’épaisseur est tournée et cuite. Aucune structure n’est définie 
dans la SU8 pour le moment. 
(c) Une couche de Ti (20 nm) / Cu (3 µm) / Ti (20 nm) est déposée par pulvérisation cathodique. 
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(d) Une couche de résine photosensible, SPR220, est tournée et structurée à la surface de 
l’échantillon. 
(e) Une couche de nickel de 7 µm est électroformée dans les moules de résine. Le micromasque 
mobile est ainsi structuré. 
(f) La résine SPR220 est dissoute dans une solution d’acétone, et la couche sacrificielle est gravée 
de manière à ce que des plots de cuivre préservent l’ancrage de la structure au substrat. 
(g) La gravure laser de la couche d’époxie est réalisée à travers le masque mobile. Le masque fixe 
est à présent défini.  
(h) Finalement, une rapide gravure de l’oxyde de silicium dans une solution d’acide 
hydrofluoridrique est réalisée afin d’exposer le substrat. 
  
 
Figure 2.15-Procédure de fabrication de deux micromasques auto-alignés 
 
2.5.2  Tests 
 
Après fabrication, les microstructures sont encapsulées de manière identiques aux micromasques 
mobiles décrit dans la partie 2.3.3. Les boîtiers sont placés dans le bâti d’évaporation. Une couche 
de cuivre d’une épaisseur de 100 nm est déposée sur trois structures identiques, actionnées dans 
trois modes différents. Apres avoir réalisé les dépôts, les microstructures sont détachées par 
gravure de la couche d’ancrage et les dépôts sont analysés sous MEB. Les microsystèmes utilisés 
dans ces expériences présentent les caractéristiques suivantes. Le masque mobile peut être 
(a) 
(e) 










optionnellement actionné par 4 électrodes situées à 10°, 40°, 60° et 80° par rapport à l’axe X. 
L’espacement entre la navette et les électrodes est de l’ordre de 2,0 µm et l’espacement entre la 
navette et les stoppeurs mécaniques est de 1,5 µm. Les déplacements du masque mobile suivant 
l’axe X sont donc restreints à 1,47 µm, 1,14 µm, 0,75 µm et 0,25 µm (voir Table 2.1). De plus, les 
ouvertures du masque mobile et du masque fixe sont respectivement de 1.6 µm et 1,2 µm de 
large.  
 
Dépôt de microlignes 
 
Dans le premier cas, le microactionneur reste au repos. Les ouvertures des masques mobile et fixe 
sont alignées. Les particules de cuivre évaporées passent à travers les deux masques et se 
déposent sur le substrat. La taille du dépôt est dictée par l’ouverture la plus petite, c’est à dire, 
l’ouverture du masque fixe. La figure 2.16.a présente un schéma en coupe de la microstructure 
multicouche au repos. La photographie MEB (Fig. 2.16.b) montre que le dépôt recueilli à la 
surface du substrat est de 1,2 µm de large, comme prévu.  
 
 
Figure 2.16-(a) Schéma en coupe de la microstructure multicouche au repos; (b) les dépôts 
métalliques transmis au travers de cette microstructure sont 1,2 µm de large 
 
Dépôt de nanolignes 
 
Dans un second temps, le microactionneur est activé par une électrode placée à un angle de 60° 
par rapport à l’axe X. Celle-ci induit le déplacement du masque mobile de 0,75 µm suivant l’axe 
X. La figure 2.17 présente une vue en coupe de la microstructure. Les ouvertures des deux 












peuvent être évaporées est de 0,61 µm de large. La photographie MEB (Fig. 2.17.b) montre le 
dépôt métallique recueilli sur le substrat après évaporation de 100 nm de cuivre. Le dépôt est de 
0,62 µm de large.  
 
 
Figure 2.17-(a) Vue en coupe de la microstructure multicouche activée par une électrode placée 
à une angle de 60°par rapport à l’axe X; (b) le dépôt métallique transmis au travers de cette 
microstructure est de 0,62 µm de large 
 
 
Absence de dépôt sur le substrat  
 
Dans un troisième temps, le microactionneur est activé par une électrode placée à un angle de 10° 
par rapport à l’axe X. Celle-ci induit le déplacement du masque mobile suivant l’axe X d’une 
valeur de 1,47 µm. Les ouvertures des masques sont alors complètement désalignées, et les 
masques se recouvrent complètement. Les particules de métal évaporées depuis le creuset ne 
peuvent pas atteindre le substrat sous la microstructure. Elles s’accumulent sur le masque fixe 
après avoir traversées les ouvertures du masque mobile. La figure 2.18.a présente une vue en 
coupe de la microstructure dans le troisième mode d’activation. La photographie MEB vérifie 
l’existence d’un dépôt métallique sur le masque fixe. Ce dépôt est de 1,6 µm de large, c’est-à-dire 










Figure 2.18- (a) Vue en coupe de la microstructure multicouche activée par une électrode placée 
à une angle de 10° par rapport à l’axe X; (b) le dépôt métallique transmis au travers du masque 
mobile est visible sur le masque fixe. Aucune particule métallique n’est déposée sur le substrat.  
 
 
2.6     Conclusions 
 
Le développement de microsystèmes utilisés comme micro-outils, et visant à la fabrication de 
structures métalliques et polymériques tridimensionnelles à l’échelle nanométrique sans recourir  
aux techniques de nanolithographie, a été démontré dans ce chapitre. La conception, le 
développement et le test d’une microstructure multicouche composée de micromasques fixes et 
mobiles dont la position peut être ajustée in situ et en temps réel, alors que des particules 
métalliques ou des agents gravant atteignent la surface du substrat a démontré la viabilité du 
concept de structuration discuté.  
 
Dans un premier temps, nous avons développé un micromasque mobile, intégré au substrat, et 
présentant des déplacements contrôlés à l’échelle nanométrique, sans recourir à des techniques de 
fabrication nanolithographique. Le fonctionnement de ce micromasque repose sur la conception 
novatrice du microactionneur. Des dépôts métalliques tridimensionnelles de tailles sub-
microniques et de compositions variables ont été réalisés en ajustant la position du micromasque 





Ouverture du masque fixe 





Nous avons ensuite développé une technique de fabrication permettant d’aligner les deux 
masques de la microstructure multicouche à l’échelle nanométrique, grâce à la gravure laser 
d’une couche polymérique au travers de micromasques mobiles. Cette procédure permet la 
fabrication de structures auto-alignées. Ce procédé de fabrication a ensuite été appliqué à la 
définition de couches polymériques à l’échelle nanométrique en utilisant des techniques de 
microfabrication standards. 
 
Finalement, nous avons démontré que la microstructure multicouche développée permet 
d’enrichir grandement le spectre de procédés réalisables dans un bâti d’évaporation. En effet, en 
intégrant les micromasques mobiles à la surface de l’échantillon, différents métaux peuvent être 
déposés à différents endroits, avec des dimensions sub-microniques variables, sans briser le vide 
du bâti. La technologie introduite dans ce chapitre permet ainsi de réduire le nombre d’étapes de 
photolithographie utilisé lors de la fabrication d’un microsystème ou d’un circuit électronique, et 
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Chapitre 3: Ajustement de la fréquence de résonance de 
micro-résonateurs par dépôts métalliques d’épaisseurs 
contrôlées 
 
3.1  Introduction 
 
L’objet de chapitre est d’introduire une nouvelle technique permettant l’ajustement de la 
fréquence de résonance de microrésonateurs mécaniques. Les technologies de micro–usinage 
permettent de fabriquer des centaines de composants simultanément. Néanmoins, alors que les 
procédures sont soigneusement contrôlées, les microstructures fabriquées sont assujetties aux 
variations de paramètres de fabrication difficilement contrôlables. Les composants conçus de 
manière identique, placés sur une même plaquette ou sur une même puce, ne présentent pas 
exactement les mêmes caractéristiques. Il est alors indispensable de re-usiner chaque composant 
afin de les doter des caractéristiques attendues. 
 
Dans le cas d’un microrésonateur, une faible variation de la taille de l’élément résonnant 
influence sa rigidité et sa masse, et donc par suite, influence sa réponse en fréquence. De 
nombreuses méthodes ont été présentées afin d’ajuster la fréquence de résonance de 
microrésonateurs. Celles-ci peuvent être classifiées en deux catégories : ajustements actifs ou 
passifs. Les méthodes actives permettent d’ajuster à tout moment la fréquence de résonance d’un 
microrésonateur. L’utilisation de la constante de raideur électrostatique caractéristique des 
microrésonateurs électrostatiques [4.5, 4.6, 4.7, 4.8, 4.9, 4.10, 4.11], le recuit général ou local de 
matériaux permettant de modifier le module d’Young [4.13, 4.17] et le niveau de stress des 
matériaux [4.15, 4.16], sont parmi les techniques les plus fréquemment étudiées. Les méthodes 
d’ajustement passives génèrent des variations de fréquence permanentes. Elles reposent 
généralement sur la gravure [4.18, 4.19, 4.20], ou le dépôt [4.21, 4.22], de matériaux après 
fabrication des composants.  Ces méthodes d’ajustement de la fréquence de résonance de 
microrésonateurs sont développées afin de corriger un système spécifique, et ne peuvent être 
généralisées à l’ajustement en fréquence de divers composants.  
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 Nous introduisons une méthode d’ajustement de la fréquence de résonance de microrésonateurs 
en réalisant des dépôts métalliques d’épaisseurs  contrôlées. Contrairement aux méthodes 
précédemment citées, cette technique peut être appliquée à de nombreux systèmes différents. Elle 
permet également de générer des variations de fréquence importantes avec une grande résolution. 
Dans un premier temps, nous présentons les microrésonateurs utilisés afin de démontrer la 
viabilité de la méthode. Nous  détaillons ensuite le principe d’ajustement de la fréquence de 
résonance de manière théorique. Des tests expérimentaux de réglage de fréquence sont alors 
conduits sur des résonateurs en silicium monocristallin. Finalement, nous étudions et modélisons 
l’influence de l’épaisseur des dépôts métalliques sur les performances des microrésonateurs.   
 





La méthode de réglage de la fréquence de microrésonateurs est appliquée à des ponts résonants de 
silicium monocristallin. Les résonateurs sont définis dans la couche supérieure d’une plaquette de 
silicium sur isolant (SOI) et de faible résistivité (0.001 Ohm.cmP2 P). Deux types de résonateurs sont 
fabriqués à l’aide de deux substrats SOI d’épaisseurs différentes. Les résonateurs ont des 
épaisseurs de 10 µm ou 20 µm. La couche d’oxyde est de 2 µm d’épaisseur. La procédure de 
fabrication des résonateurs est présentée sur la figure 3.1.  
 
(a) La fabrication débute par le tournage et structurage d’une fine couche de résine photosensible,   
AZ 1813. Cette couche définit la périphérie des différents éléments constituant le microresonator, 
c’est  à dire, le pont résonant et les électrodes.  
(b) La gravure profonde de la couche supérieure du substrat est réalisée par gravure plasma ICP 
(inductively coupled plasma). La couche d’oxyde enfouie sert de couche  d’arrêt naturelle à la 
gravure. 
(c) La résine photosensible est dissoute dans une solution d’acétone. La couche d’oxyde est 
gravée à l’aide d’une solution d’HF diluée. Le temps de gravure est ajusté tel que l’élément 
résonant est libre de mouvement, tout en préservant l’ancrage des structures au substrat. 
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Figure 3.1-Procédure de fabrication d’un microrésonateur en silicium 
 
3.2.2  Résultat de fabrication 
 
Les résultats de la fabrication sont présentés sur les photographies MEB suivantes (Fig. 3.2). La 
photographie 3.2.a présente une vue d’ensemble du résonateur. La photographie 3.2.b se 
concentre sur la partie centrale. On peut y voir le pont résonant, les points d’ancrages et les 
électrodes. Le pont de silicium et les espacements de transduction sont clairement définis Fig. 
3.2.c.   
 
 
Figure 3.2-Photograpies MEB d’un microrésonateur. a) Vue d’ensemble; b) vue des électrodes et 
du pont suspendu ; c) vue des espaces de transduction entre les électrodes et le pont résonant. 
 
3.2.3 Test de fonctionnement 
 













Espace de transduction 
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avec E, le module d’Young du matériau formant la structure, I, le moment d’inertie suivant l’axe 
principal, ρ, la densité du matériaux, w, L et t, respectivement les largeur, longueur et épaisseur 
du pont résonant,.  
 
Apres fabrication, les résonateurs sont encapsulés dans un boîtier DIL. Le boîtier est soudé à une 
carte de circuit imprimée sur laquelle un circuit, visant à amplifier le signal de sortie, a été 
assemblé (Fig. 3.3). L’ensemble du dispositif est placé dans une chambre à vide affichant  une 
pression inférieure à 10 mTorr. Une tension de polarisation VBp B, est appliquée directement au pont 
de silicium. Les signaux d’entrées sont générés par un analyseur de spectre. Les signaux de sortie 
traversent le circuit d’amplification et sont réinjectés dans l’analyseur de spectre. La soustraction 
de ces deux signaux renvoie la réponse en fréquence du microrésonateur. Celle-ci nous donne 
accès aux caractéristiques électriques essentielles du microrésonateur, telles que la fréquence de 
résonance f BrB, et le facteur de qualité Q. 
 
 
Figure 3.3-Circuit d’amplification  
 
La réponse en fréquence d’un microrésonateur de 400 µm de long, 4,81 µm de large et 10 µm de 
haut est présentée sur la figure 3.4. Lorsque V BpB est ajustée à 20 V,  la fréquence de résonance de 
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Figure 3.4-Réponse en fréquence d’un microrésonateur en silicium de taille suivante : L=400 
µm ; w=4,81 µm ; t=10µm. 
 
 
3.3        Ajustement de la fréquence de résonance de microrésonateurs 
de manière mécanique, par dépôts métalliques d’épaisseurs contrôlées 
 
3.3.1      Théorie 
 
Le dépôt de couches métalliques minces à la surface de l’élément résonant affecte les propriétés 
mécaniques de l’ensemble du microrésonateur, et par suite, sa fréquence de résonance. La 
fréquence de résonance d’un microrésonateur en configuration pont résonant dépend de sa 
dimension, sa masse et son moment d’inertie. Le dépôt de matériaux à la surface d’un pont 
résonant affecte non seulement sa masse, mais également sa rigidité. L’élément résonant devient 
alors une structure composite. En considérant que le dépôt est uniforme sur l’ensemble de la 
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 avec Ei, IBi B, ρBiB, t BiB, les module d’Young , moment d’inertie, densité, et épaisseur de chaque couche 
de matériaux constituant le résonateur (substrat inclus). Par la suite, nous restreignons l’étude au 
dépôt d’une seule couche mince, m, sur le substrat, s (Fig. 3.5). D’autre part nous considérons que 
la couche déposée et le substrat sont isotropiques, homogènes, et ne présentent pas de stress:  
 
 
Figure 3.5-Vue en 3D d’un micropont résonant recouvert d’une couche métallique 
 










wtI =         (3.4) et (3.5)  
La fréquence de résonance, f BbB, du pont bicouche est donc : 























0          (3.6)                  




wf ρ20 03.1=           (3.7) 
            
f B0B est la fréquence de résonance initiale du microrésonateur. Nous donnons A, B et T  telle que: 
 




EA =        
s
mB ρ




tT =         (3.8), (3.9) et (3.10) 
 
wBs B 
L Bs B 
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0             (3.11)     
   
L’équation 3.11 permet de voir que la fréquence de résonance du microresonator peut être ajustée 
à la hausse ou à la baisse, en réalisant un dépôt de matériaux sur l’élément résonant. Cet effet peut 
être clairement souligné dans le cas où BT<<1. Dans ce cas, fBb B se simplifie à:  
 
TBAffb )(10 −+≅        (3.12) 
 
Il apparaît clairement que l’augmentation ou la diminution de la fréquence de résonance dépend 
des amplitudes relatives des coefficients A et B. Trois cas peuvent être envisagés : 
 
Si A>B, c'est-à-dire, le rapport des modules d’Young est plus grand que le rapport des densités, 
alors la fréquence de résonance est ajustée à la hausse. 
Si A=B, c'est-à-dire, le rapport des modules d’Young est égal au rapport des densités, alors la 
fréquence de résonance reste constante.  
Si A<B, c'est-à-dire, le rapport des modules d’Young est plus petit que le rapport des densités, 
alors la fréquence de résonance est ajustée à la baisse. 
 
La Figure 3.6 met en valeur ces phénomènes en utilisant des substrats et des couches minces 
régulièrement utilisés en micromachinage. Dans les trois graphiques, les variations de fréquence 
de résonance sont tracées en fonction de l’épaisseur des dépôts. Des métaux tels que le platine, 
l’or, le cuivre et l’aluminium sont déposés sur des substrats de natures différentes (silicium, or et 
nickel). Dans tous les cas l’épaisseur du substrat est fixée à 5 µm. 
 
Le premier cas est présenté sur le graphique, Fig. 3.6.a. Différents métaux sont déposés sur un 
microrésonateur d’or. L’or est l’un des matériaux les plus denses utilisé en microélectronique. 
Dans la plupart des cas, le rapport des densités est faible et B<1. De plus, le module d’Young de 
dépôts d’or obtenu par évaporation sous vide a été reporté dans la littérature à une faible valeur de  
50 GPa [4.26]. Le rapport des modules d’Young est grand et A>1. Puisque A>B, la fréquence de 
résonance d’un microrésonateur en or peut être ajustée à la hausse. Par exemple, le graphique 
montre qu’un dépôt de platine de 0,6 µm d’épaisseur sur un microresonator d’or de 5 µm 
d’épaisseur peut entraîner une variation de la fréquence de résonance de 13% à la hausse. 
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Le second cas est présenté par le graphique, Fig. 3.6.b. Différents métaux sont déposés sur un 
microrésonateur en nickel. Cuivre et nickel ont des propriétés mécaniques semblables. Les 
coefficients A et B ont donc des valeurs proches. Le dépôt d’une couche de cuivre sur un 
résonateur de nickel ne doit donc pas affecter la fréquence de résonance de la structure. Par 
exemple, un dépôt de cuivre d’une épaisseur de 1 µm sur un résonateur de cuivre de 5 µm génère 
un variation de fréquence de moins d’1 %. Ce phénomène pourrait être appliqué aux dépôts de 
couches de passivation sans affecter la fréquence de résonance du microrésonateur. 
 
Le troisième cas est présenté par le graphique, Fig. 3.6.c. Différents matériaux sont déposés sur 
un microrésonateur en silicium. La densité du silicium monocristallin étant relativement faible, et 
son module d’Young étant relativement fort, le coefficient A doit être plus grand que le 
coefficient B. La fréquence de résonance d’un microrésonateur en silicium monocristallin peut 
donc être facilement ajustée à baisse. Par exemple, le dépôt d’une couche d’or de 0,5 µm 
d’épaisseur sur un résonateur de silicium de 5 µm d’épaisseur génère une variation de fréquence 
de 25%. L’addition de masse est le paramètre dirigeant le phénomène de variation de fréquence. 
Des variations de fréquences importantes peuvent ainsi être observées sur des microrésonateurs 
plus légers. Pour un dépôt d’or de même épaisseur, un microrésonateur de silicium de 2 µm 
d’épaisseur est soumis à une variation de fréquence plus importante qu’un microrésonateur de 20 
µm d’épaisseur (Fig. 3.7). Cette méthode d’ajustement de fréquence de résonance est donc 
particulièrement bien adaptée à des éléments légers résonants à ultra haute fréquence.  
 
Figure 3.6-Variations de la fréquence de résonance de trois résonateurs de natures  différentes 






Résonateur en or 
ρ=19300 kg/mP3P; E=50GPa 
Résonateur en nickel 
ρ=8908 kg/mP3P; E=200GPa 
Résonateur en silicium 
ρ =2328 kg/mP3P; E=150GPa 
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Figure 3.7-Variations de la fréquence de résonance de résonateurs en silicium de différentes 
épaisseurs  en fonction de l’épaisseur des dépôts d’or 
 
 
3.3.2         Vérifications expérimentales 
 
Les résonateurs introduits dans la partie 3.2 sont utilisés afin de démontrer expérimentalement 
l’ajustement de la fréquence de résonance d’éléments vibrants par dépôt métalliques. Après 
fabrication, les résonateurs sont encapsulés et placés dans un bâti d’évaporation. Leurs fréquences 
de résonance sont enregistrées  in situ et en temps réel, alors que des dépôts d’or sont réalisés. La 
figure 3.8 montre que les variations de fréquence enregistrées (lignes continues) sont en accord 
avec les prédictions théoriques (lignes discontinues), quelque soit l’épaisseur du résonateur. 
Toutefois, dans les deux cas, les variations de fréquence enregistrées sont un peu plus importantes 
que les valeurs prévues par l’analyse théorique (variation de 0,9%). Ce comportement peut être 
expliqué par la formation de stress dans la couche d’or.  Le dépôt d’une couche d’or de 300 nm 
d’épaisseur sur un résonateur de silicium de 10 µm d’épaisseur conduit à une variation de 
fréquence de l’ordre de 11%  avec une résolution de 90Hz/nm de métal déposé (Fig. 3.8.a).  
 
Le graphique de la figure 3.8.b. démontre que la méthode, présentée dans ce chapitre, peut être 
utilisée pour uniformiser les fréquences de résonance de différents résonateurs. Deux résonateurs, 
fabriqués sur la même puce de 1cmP2 P, ont des fréquences de résonances initiales variant par plus 
de 3%. En déposant sélectivement 135 nm d’or sur le résonateur de plus haute fréquence,  il est 
possible d’égaler les fréquences de résonance de ces deux résonateurs. 
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Figure 3.8-Vérifications expérimentales de la méthode d’ajustement de la fréquence de résonance 
de microrésonateur  sur des ponts résonants de différentes épaisseurs, (a) 10 µm ; (b) 20 µm 
 
 
3.3.3    Tests de performances 
 
Test de longue durée 
 
Un test de longue durée est conduit sur un résonateur dont la fréquence a été ajustée 
mécaniquement par dépôt d’or. Le graphique de la figure 3.9 démontre  que le résonateur est 
stable. Les variations de fréquence, au cours du temps  (80 milliards de cycles), sont de l’ordre de 
la résolution du système de mesure.   
 
 
































Drift = 0.04 %  
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Le facteur de qualité, Q, de microrésonateurs en silicium monocristallin de 10 µm d’épaisseur est 
enregistré in situ et en temps réel alors que les dépôts d’or sont réalisés sur la surface en regard 
avec le creuset métallique. La figure 3.10 montre que le facteur de qualité diminue lorsque les 
atomes d’or s’accumulent à la surface du résonateur.  
 
Figure 3.10-Evolutions de la fréquence de résonance et du facteur de qualité en fonction de 




Le facteur de qualité d’un système dépend de différents paramètres tels que les frottements de 
l’air, les radiations acoustiques dans les points d’ancrage ou les pertes internes. Le résonateur 
étant testé dans la chambre à vide du bâti d’évaporation, les frottements de l’air ne sont pas 
responsables de la diminution de Q. D’autre part, le résonateur est testé dans les mêmes 
conditions durant toute la durée de l’expérience. Considérant que la géométrie du système 
d’ensemble n’est pas dramatiquement affectée par le dépôt d’une couche d’or mince, les pertes 
dans les points d’ancrage ne peuvent pas être responsables d’une telle chute de Q. La variation de 
Q est donc attribuée aux pertes internes de la structure composite. Le pont composite peut être 
assimilé à deux éléments résonants distincts (Fig. 3.11). 
         Q data 
        Fr data
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Figure 3.11-Pont résonant assimilé à deux éléments résonants distincts 
 
Les pertes internes à l’élément résonant en silicium sont supposées ne pas être affectées par le 
dépôt de métal. En revanche, nous supposons que les pertes internes à l’élément résonant 
métallique sont proportionnelles à l’épaisseur du dépôt. En négligeant les pertes interfaciales, le 
théorème de superposition est appliqué aux deux éléments, afin d’extraire le facteur de qualité de 











tt +=+  
 
avec t BSi B: l’épaisseur du résonateur de silicium (tBSi B =10µm), 
 t BAuB: l’épaisseur du dépôt d’or,  
QBSi B: le facteur de qualité du résonateur en silicium avant dépôt,  
QBAu B: le facteur de qualité de l’élément résonant d’or. 
 
Le facteur de qualité initial du microrésonateur de silicium est 28000. D’autre part, le 
comportement de résonateurs d’or a été précédemment reporté dans la littérature [4.33]. Le Q 
d’un microresonator d’or de 40 µm de long, 1 µm de large et 2 µm d’épaisseur, résonant à 250 
kHz, varie entre 300 et 600. Puisque les épaisseurs respectives des deux éléments vibrants sont 
connues, le facteur de qualité du microrésonateur composite peut être prédit. Le graphique de la 
figure 3.12 montre que le modèle est en accord avec les données recueillies expérimentalement.   
+ 
QBSi B  = 28000 
tBSi B  = 10 µm 
QBAu B = 300 to 600 
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Figure 3.12- Evolutions de Q expérimentale et modélisée en fonction de l’épaisseur du dépôt d’or 
 
3.3.4     Restauration des performances initiales 
 
Afin que cette méthode d’ajustement de fréquence de résonance de microrésonateurs puisse être 
adoptée par le plus grand nombre, il est important de corriger la baisse de facteur de qualité. Les 
performances de microrésonateurs en nickel ont été étudiées dans des travaux précédents [4.34]. 
Il a été démontré que le facteur de qualité de microrésonateurs en nickel peut être augmenté en 
faisant un recuit en température.  
Nous appliquons cette technique à nos résonateurs. Les températures de recuits seront limitées à 
400°C, afin de préserver la compatibilité avec les procédures fabrications de circuits intégrés. 
Après ajustement de leurs fréquences de résonances, les microrésonateurs sont recuits dans une 
atmosphère d’azote, à différentes températures, pendant une heure. La figure 3.13 montre que le 
facteur de qualité des résonateurs augmente avec la température. En faisant des recuits à des 
températures de plus de 300°C, le facteur de qualité de la structure modifiée est proche (≈20000) 









50 150 250 350 450









Figure 3.13-Evolution du facteur de qualité en fonction de la température de recuit 
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L’ensemble de la procédure d’ajustement de la fréquence de résonance et du facteur de qualité 
d’un pont résonant est résumé sur le graphique de la figure 3.14.  Un microrésonateur en silicium 
monocristallin de 10 µm d’épaisseur résonne initialement à 241,5 kHz et présente un facteur de 
qualité de 26000. Le dépôt d’une couche d’or de 160 nm d’épaisseur sur la surface en regard avec 
le creuset, génère une diminution de la fréquence de résonance et du facteur de qualité (fBrB= 226,3 
kHz et Q=10.000). Apres recuit à 300°C pendant 3 heures dans une atmosphère d’azote, la 
fréquence de résonance n’a pas changé et la valeur du facteur de qualité est identique à la valeur 
initiale.  
 
Figure 3.14- Ensemble de la procédure d’ajustement de la fréquence de résonance et du facteur 
de qualité d’un pont résonant 
 
La surface du microrésonateur est observée sous MEB (Fig. 3.15). Les grains sont relativement 
gros (environ 200 nm), mais la morphologie de la couche n’est pas dramatiquement affectée. 
  
 
Figure 3.15-Photographies MEB de la surface du microrésonateur après recuit  
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Néanmoins, lorsque les recuits sont effectués à des températures supérieures à 360°C 
(température eutectique de l’alliage Au-Si), un autre phénomène est observé. En effet, dans 
certains cas, la surface du système Au-Si subit une décomposition spinodale, causant la 
dégradation du film métallique. Une seconde variation de fréquence est alors enregistrée (Fig. 
3.16). Lorsque la température de recuit atteint la température eutectique, le film devient 
thermodynamiquement instable. Si des impuretés ou des défauts sont présents à l’interface Au-Si, 
le système retourne dans un état stable en passant à l’état liquide. Lorsque la température diminue 
sous la température eutectique, des îlots de Au-Si se forment à la surface du résonateur (Fig. 
3.17). Afin d’éviter ce phénomène, il est conseillé de faire des recuits à des températures 
























Post gold depositon (260 nm)
Post annealing (400C-10 h)
 
Figure 3.16-Variations de la fréquence de résonance après recuit à 400°C lorsque le 




Figure 3.17-Photographies MEB d’un résonateur ayant subit une décomposition spinodale. (a) 
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3.4      Conclusions 
 
Une nouvelle méthode d’ajustement de la fréquence de résonance de microrésonateurs a été 
introduite et démontrée dans ce chapitre. Contrairement aux méthodes précédemment présentées, 
cette technique n’est pas restreinte à l’ajustement de la fréquence de résonance de 
microrésonateurs de certaines tailles, formes, ou compositions, mais peut être appliquée à une 
grande variété de résonateurs.   L’influence de dépôts métalliques à la surface de pont résonant a 
été théoriquement développée et expérimentalement vérifiée. Des variations en fréquences 
positives et négatives peuvent être observées en choisissant correctement les matériaux déposés.  
Des variations de fréquence de l’ordre de 15 % avec une résolution approchant 50 Hz/nm d’or   
ont été enregistrées sur des microrésonateurs en silicium monocristallin résonant à 250 kHz. Les 
performances des systèmes modifiés ont également été étudiées expérimentalement et 
modélisées. Finalement, le problème de diminution du facteur de qualité proportionnelle à 
l’épaisseur du dépôt a été résolu par l’introduction d’une étape de recuit à basse température. 
Cette méthode permet ainsi d’ajuster la fréquence de résonance de microrésonateurs de manière 
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Chapitre 4: Intégration de micromasques amovibles 
visant à ajuster individuellement la fréquence de 
résonance de microrésonateurs 
 
4.1  Introduction 
 
Dans ce chapitre, nous utilisons des micromasques mobiles intégrés à la surface du substrat, afin 
de contrôler l’épaisseur de la couche métallique déposée sur chaque résonateur. L’intégration de 
microsystèmes aux circuits intégrés ou même de microsystèmes entre eux, est un problème 
technologique amplement étudié. La fabrication de microsystèmes nécessite, dans de nombreux 
cas, des gravures profondes qui modifient la topographie du substrat. Il est alors difficile de 
tourner des couches de résines ou de déposer des matériaux de manière uniforme. La fabrication 
des résonateurs que nous utilisons dans cette thèse est basée sur une gravure profonde définissant 
l’élément résonant et les électrodes. Il est indispensable de restaurer la planarité de la surface 
avant de procéder à la fabrication de micromasques au dessus de tranchées définies dans le 
substrat. Nous développons ainsi une méthode de re-surfaçage à basse température. Les 
micromasques mobiles sont ensuite intégrés à la surface des microrésonateurs et nous démontrons 
la possibilité d’ajuster la fréquence de résonance de chaque résonateur individuellement. 
 
 
4.2    Concept de fonctionnement 
 
Le concept est présenté sur les schémas de la figure 4.1. Un micromasque intégré à la surface du 
résonateur, fabriqué dans un substrat SOI, est actionné individuellement. Lorsque le 
microactionneur est au repos, le masque est en positon fermé, et les particules de métal évaporées 
ne peuvent pas atteindre le résonateur (Fig. 4.1.a). En revanche, lorsque le microactionneur est 
actionné, le micromasque est ouvert, et les particules métalliques sont déposées à la surface du 
résonateur. D’après l’étude présentée dans le Chapitre 3, la fréquence de résonance de ce dernier 
peut alors être ajustée (Fig. 4.1.b). 
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Figure 4.1-Concept de fonctionnement de micromasque intégrés à la surface de microrésonateurs 
afin d’ajuster leurs fréquences de résonances. (a) Le micromasque est fermé, la fréquence ne 
change pas. (b)Le micromasque est ouvert, la fréquence de résonance est ajustée. 
 
 
4.3    Développement du micromasque mobile 
 
4.3.1  Conception du micromasque 
 
Le micromasque est défini dans l’épaisseur de la navette d’un microactionneur électrostatique. Ce 
dernier doit répondre à deux conditions afin de contrôler l’épaisseur du dépôt à la surface du 
résonateur : 
 
 L’amplitude de déplacement du microactionneur doit être telle que la surface du résonateur est 
complètement protégée ou complètement exposée aux particules de métal. 
 La position de la navette doit être contrôlée alors que les structures sont placées dans la 
chambre à vide du bâti d’évaporation. 
 
Le microactionneur est présenté sur les schémas de la figure 4.2. La navette du microactionneur 
est suspendue au dessus du résonateur par 4 ressorts en configuration encastrée. Son déplacement 
est restreint à la direction du plan suivant la largeur du résonateur. Le masque est actionné par des 
forces électrostatiques. Afin de maximiser le déplacement de la navette, des électrodes en 
configuration de peignes sont utilisées. La position du micromasque est contrôlée par un stoppeur 
mécanique. Celui-ci est électriquement connecté à un ohmmètre relié à la masse. Lorsque que le 
micromasque, connecté électriquement à la masse,  rentre en contact avec le stoppeur, la 







Masque fermé Masque ouvert 






























Pont résonant exposé 
aux atomes de métal 
Elément en T bloqué sur 
le stoppeur  
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4.3.2   Fabrication du micromasque 
 
Afin de vérifier le bon fonctionnement du micromasque, celui-ci est fabriqué sur une plaquette de 
silicium vierge. Le procédé de fabrication est similaire à celui utilisé pour la fabrication du 
micromasque mobile du Chapitre 2. Après fabrication, les micromasques sont observés sous 
MEB (Fig. 4.3). 
 
 
Figure 4.3-Photographies MEB présentant le microactionneur fabriqué sur une plaquette de 
silicium. (a) Vue d’ensemble ; (b) Vue rapprochée de la navette 
 
 
4.3.3   Test du micromasque 
 
Après fabrication, les micromasques sont testés sous le microscope d’une station de pointes. 
Lorsqu’une différence de potentiel de 150V est appliquée entre la navette et les électrodes, 
l’élément en T du micromasque se bloque sur le stoppeur mécanique (Fig. 4.4.b). 
 
 
Figure 4.4-Test du microactionneur. (a) Au repos ; (b) vue de l’élément en T de la navette se 
bloquant sur le stoppeur mécanique lorsqu’une tension de 150 V est appliquée aux bornes du 
microactionneur 
a) b) 
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4.4    Intégration du micromasque  
 
Afin de maximiser le déplacement de la navette, des électrodes en configuration de peignes 
présentant des espacements de l’ordre de 2 µm, sont utilisées. La fabrication du micromasque 
consiste en l’électroformage d’une couche de nickel dans un moule de résine. La définition du 
moule présentant des dimensions minimales de l’ordre de 2 µm, à la surface d’un substrat  ayant 
précédemment subit  une étape de gravure profonde, nécessite le développement d’une procédure 
de re-surfaçage. Une méthode de re-surfaçage à basse température, ne nécessitant aucune étape de 
photolithographie, est introduite dans cette partie.   
 
4.4.1 Re-surfaçage par dépôts de couches métalliques et d’oxyde de silicium   
 
Dépôts de couches d’oxyde de silicium par PECVD  
 
Les réacteurs PECVD (plasma enhanced chemical vapor deposition) permettent de déposer des 
couches d’oxyde de bonne qualité électrique à basse température (300°C). La mobilité des atomes 
déposés sur le substrat étant faible à cause des basses températures de dépôts, les couches 
déposées présentent la caractéristique de ne pas recouvrir conformément le substrat. Les 
molécules de SiOB2B n’atteignent pas le fond des tranchées mais s’accumulent à la surface. Il est 
donc possible de recouvrir des tranchées de largeurs réduites en déposant d’épaisses couches 
d’oxyde.  
 
Procédure de re-surfaçage 
 
Les résonateurs fabriqués au sein du substrat présentent des tranchées d’une largeur de  3 µm. 
Afin de planariser la surface, une couche d’oxyde d’une épaisseur minimale de 3 µm doit être 
déposée. Le dépôt d’une couche d’oxyde d’épaisseur supérieure à 3 µm étant  susceptible de 
craquer sous l’influence de stress interne, une couche métallique est déposée par pulvérisation 
cathodique à la surface de l’oxyde. Celle-ci remplit un double rôle. Elle permet d’affiner la 
qualité du re-surfaçage, et sera également utilisée comme couche sacrificielle lors de la 
fabrication des micromasques.  
 
La procédure de re-surfaçage est présentée sur la figure 4.5.  
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(a)  Les tranchées profondes sont gravées dans le substrat de silicium. Elles sont larges de 3 µm et 
hautes de 15 µm. 
(b)  Une couche d’oxyde de silicium de 3 µm est déposée dans un réacteur PECVD à 300°C. 
(c)  Une couche de Ti (20 nm) / Cu (3 µm) / Ti (20 nm) est déposée par pulvérisation cathodique.  
 
 
Figure 4.5-Procédure de re-surfaçage utilisant une épaisse couche de SiOB2B 
 
 
Caractérisation du re-surfaçage du substrat 
 
Le profil de l’échantillon est caractérisé à l’aide d’un profilomètre et observé sous MEB. La 
figure 4.6.a démontre que l’oxyde déposé par PECVD s’accumule à la surface des tranchées. 
Après dépôt d’oxyde la tranchée de 15 µm d’épaisseur est totalement fermée et la surface 
présente une aspérité de 380 nm d’épaisseur. (Fig. 4.6.b). Le dépôt de la couche métallique de 3 
µm d’épaisseur permet d’améliorer le re-surfaçage (Fig. 4.6.c). La surface de la couche de métal 
au dessus de la tranchée présente une aspérité de 214 nm (Fig. 4.6.d). 
 
Si 
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Figure 4.6-Caratérisations de la surface de l’échantillon après re-surfaçage par dépôts 
d’épaisses couches de SiO B2B (a et b) et de  métaux pulvérisés (c et d).  
 
 
Cette procédure de re-surfaçage permet ainsi de planariser un substrat présentant des tranchées 
d’une largeur de 3 µm et de profondeur quelconque. La surface du substrat présente une aspérité 
d’approximativement 200 nm. Il est donc possible de fabriquer des structures présentant des 
dimensions de l’ordre du micromètre de manière surfacique. D’autre part, la procédure ne 
comporte que deux étapes de dépôt à basse température et ne nécessite aucune photolithographie. 
 
4.4.2      Intégration des micromasques 
 














L’ensemble de la procédure d’intégration des micromasques à la surface des résonateurs est 
présentée par les schémas de la figure 4.7.  
a)  Les microrésonateurs sont définis au sein du substrat SOI présentant une couche de silicium 
supérieure de 10 µm d’épaisseur (voir procédure Fig. 3.1) 
b)  La surface de substrat est planarisée (voir procédure Fig. 4.5) 
c)  Les micromasques sont fabriqués par électroformage de nickel au sein de moules de résine 
photosensible SPR220. Les couches d’oxyde et de métal sont finalement gravées afin de 
permettre au micromasque de se mouvoir. L’isolation électrique des micromasques et 
microrésonateurs est assurée par les points d’ancrage en oxyde de silicium. 
 
 
Figure 4.7- Procédure d’intégration des micromasques à la surface des résonateurs 
 
Résultats de fabrications 
 
Les microstructures fabriquées sont présentées sur les photographies MEB de la figure 4.8. Une 
vue d’ensemble d’un micromasque intégré à la surface d’un microrésonateur est présentée sur la 
figure 4.8.a. La figure 4.8.b montre l’ouverture du masque, les électrodes et le stoppeur 
mécanique. L’espace entre le micromasque et la surface du substrat est de l’ordre de 6 µm (Fig. 
4.8.c). La figure 4.8.d démontre que la procédure de re-surfaçage et la fabrication des 
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Figure 4.8-Photographies MEB du microactionneur intégré à la surface d’un microrésonateur 
 
Tests du microactionneur  
 
Les micromasques sont testés sous le microscope d’une station de pointes. Lorsqu’une différence 
de potentiel de 150V est appliquée aux électrodes du microactionneur, l’élément en T du masque 
rentre en contact avec le stoppeur mécanique. La valeur de la résistance entre ces deux éléments 
est faible. La photographie de la figure 4.9.a présente le micromasque en contact avec le stoppeur 
mécanique. Sur la photographie, Fig. 4.9.b, le pont résonant est visible à travers l’ouverture du 
masque mobile. 
 










Stoppeur mécaniqueBras suspendus  Electrode du résonateur
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4.5   Ajustement individuel de la fréquence de résonance 
 
Dans la partie précédente, nous avons démontré l’intégration et le fonctionnement des 
micromasques à la surface de microrésonateurs fabriqués au sein d’une plaquette SOI. Les 
microstructures fabriquées sont individualisées et encapsulées de manière identique aux 
microstructures présentées dans le chapitre 2. Le bâti d’évaporation utilisé pour réaliser les dépôts 
métalliques ne permet pas de tester plusieurs structures simultanément à cause du nombre réduit 
de connections électriques. Nous démontrons alors la possibilité d’ajuster activement et 
individuellement la fréquence de résonance d’un microrésonateur à l’aide d’un micromasque 
mobile.  
Après encapsulation, la microstructure est placée dans le bâti d’évaporation. Le résonateur est 
testé une première fois avant dépôt de métal. Celui-ci présente une fréquence de résonance de 
246,65 kHz et un facteur de qualité de 21000 (Fig. 4.10.a). L’évaporation de particules d’or 
débute alors que le micromasque est en position fermé. La fréquence de résonance ne change pas. 
Le microactionneur est alors activé, le micromasque s’ouvre et sa position est contrôlée par la 
lecture de la résistance entre la navette et le stoppeur mécanique. Une couche d’or d’une 
épaisseur de 160 nm est déposée sur le pont résonant. Le micromasque est alors replacé dans son 
état de repos. Le dépôt d’or continue, mais aucune particule d’or n’atteint le pont résonant. Le 
microresonateur est testé une seconde fois. Sa fréquence de résonance est enregistrée à une valeur 
de 235,53 kHz et son facteur de qualité est de l’ordre de  8000. La variation de fréquence de 
résonance est de l’ordre de 3.8%, comme prévue (Fig. 4.10.b). 
 
Figure 4.10-Ajustement de la fréquence de résonance d’un microrésonateur de manière active. a) 
Réponse en fréquence avant dépôt ; b) Réponse en fréquence après dépôt d’une couche d’or de 
160 nm 
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La microstructure est ensuite observée sous un microscope optique. La photographie Fig. 4.11 
montre l’empreinte en or du film de Kapton utilisé pour protéger les connections électriques des 
microsystèmes. Le microactionneur est détaché du substrat par gravure de la couche d’oxyde 
présente sous les points d’ancrages (Fig. 4.12). Les zones sombres de la photographie 
correspondent aux zones protégées contre les particules d’or. Le pont encastré du microrésonateur 
est recouvert d’or. 
 
Figure 4.11-Photographie de la microstructure après dépôt d’or 
 
 
Figure 4.12-Photographie du microrésonateur après gravure de la couche d’oxyde et 










La conception, la fabrication et les tests de micromasques mobiles intégrés à la surface de 
microrésonateurs ont permis d’ajuster individuellement leurs fréquences de résonance. En effet, 
en contrôlant l’épaisseur des couches métalliques déposées à la surface d’un microrésonateur à 
l’aide d’un micromasque mobile, la fréquence de résonance du microrésonateur a été ajustée 
individuellement.  
 
La position du micromasque défini dans l’épaisseur de la navette d’un microactionneur 
électrostatique est contrôlée par un système de stoppeurs mécaniques. L’état du micromasque 
peut ainsi être ajusté in situ lors du dépôt de métal.  
 
L’intégration de différents microsystèmes sur une même puce est un sujet amplement étudié. 
Dans ce chapitre, nous avons développé une procédure permettant le re-surfaçage de substrats 
présentant d’extrêmes topographies. Cette procédure repose sur l’utilisation de procédés de 
fabrication conventionnels. Un épais dépôt d’oxyde de silicium réalisé dans un réacteur PECVD a 
permis le re-surfaçage du substrat au sein duquel les microrésonateurs avaient été préalablement 
fabriqués et garantie une bonne isolation électrique du substrat, permettant ainsi de fabriquer des 
















Chapitre 5: Conclusions  
 
Alors que les techniques de microfabrication ont contribué pour une grande part aux avancements 
technologiques réalisés ces cinquante dernières années, leurs utilisations dans la réalisation des 
systèmes de demain deviennent de plus en plus délicates. L’attention se porte aujourd’hui sur la 
fabrication et la caractérisation de composants à l’échelle nanométrique. Le développement de 
systèmes de cette dimension est d’autant plus difficile qu’ils doivent être fabriqués en grand 
nombre afin de réduire les coûts de production associés à l’utilisation d’équipements permettant 
l’obtention de telles résolutions. La fabrication de microsystèmes présentant des caractéristiques 
différentes, bien que conçus pour opérer de manières identiques, est alors inévitable.  
 
Afin de remédier aux problèmes de coûts, liés à l’utilisation de techniques de nanolithographie  et 
aux problèmes de résolution inhérents aux technologies de microfabrication, nous avons 
développé une nouvelle méthode de structuration. L’utilisation de micromasques mobiles 
multicouches intégrés à la surface de substrats, durant des étapes de métallisation ou de gravure, 
permet non seulement de créer des structures tridimensionnelles à l’échelle nanométriques et de 
compositions différentes, mais également de réajuster les caractéristiques des microcomposants 
aux valeurs définies lors de leurs conceptions. 
 
Dans le second chapitre, nous avons introduit le concept d’utilisation de micromasques mobiles 
intégrés, visant à la fabrication de structures tridimensionnelles à l’échelle nanométrique sans 
recourir aux technologies de nanolithographie. En contrôlant la position relative de plusieurs 
micromasques fabriqués au sein de la navette de microactionneurs empilés, in situ et en temps 
réel, il est possible de générer des ouvertures de taille nanométrique, par lesquelles les ions, 
photons ou particules métalliques sont transmis à la surface du substrat. La résolution des 
structures fabriquées de la sorte dépend alors de la précision avec laquelle les micromasques 
peuvent être alignés et positionnés. Pour ce faire, nous avons conçu et fabriqué, à l’aide de 
technologies de microfabrication standard, un microactionneur dont la position est ajustée à 
l’échelle nanométrique sans utiliser de complexes circuits de détection. La précision avec laquelle 
la position de la navette de ce microactionneur peut être ajustée, a été démontrée par la 




D’autre part, nous avons développé une technique de fabrication de structures auto-alignées, 
reposant sur la gravure laser de couches polymériques au travers de micromasques métalliques 
intégrés, afin d’assurer le correct positionnement relatif de chaque couche. L’utilisation de cette 
microstructure multicouche dans un bâti d’évaporation a permis de réaliser des dépôts de tailles, 
et de compositions variables en différents endroits du substrat. La généralisation de cette 
technologie de fabrication pourrait non seulement considérablement réduire le nombre d’étapes 
de photolithographie associées aux procédures de fabrication, mais également créer des structures 
tridimensionnelles autrement indéfinissables, et réduire les besoins d’utilisation de méthodes 
faisant appel aux techniques de nanolithographie.   
 
Dans le troisième chapitre, nous avons proposé une méthode d’ajustement de la fréquence de 
résonance de microrésonateurs, présentant des réponses en fréquences affectées par les non 
uniformités caractéristiques à l’utilisation de techniques de microfabrication. La fréquence de 
résonance d’un microrésonateur est intrinsèquement reliée à sa masse et sa rigidité. Ces deux 
paramètres sont eux-mêmes affectés par les dimensions de l’élément résonant. Le dépôt de 
couches métalliques d’épaisseur contrôlée, à la surface d’un microrésonateur, permet ainsi de 
réajuster sa réponse en fréquence. Les analyses théoriques que nous avons conduites ont été 
vérifiées expérimentalement. Une variation de fréquence de l’ordre de 15% a été enregistrée sur 
des microrésonateurs en silicium monocristallin recouvert d’une couche d’or évaporée. Cette 
méthode bénéficie du grand nombre de matériaux évaporables et de la précision avec laquelle 
leurs épaisseurs peuvent être contrôlées. Il est ainsi possible de réajuster la fréquence de 
résonance d’un microrésonateur à la hausse ou à la baisse en sélectionnant correctement le 
matériau par lequel ce microrésonateur sera recouvert. D’autre part, les performances de 
microrésonateurs re-usinées ont été étudiées. Nous avons enregistré une chute du facteur de 
qualité proportionnelle à l’épaisseur du dépôt métallique. Ce comportement a été modélisé. Afin 
de présenter une méthode d’ajustement de fréquences de résonance de microrésonateurs utilisable 
par le plus grand nombre, nous avons corrigé ce problème par l’addition d’une étape de recuit à 
basse température après les dépôts métalliques. Cette méthode permet ainsi d’ajuster, à basse 
température, la fréquence de résonance de microrésonateurs avec une grande précision, sur une 
large gamme de fréquence, et sans perte de performance. Alors que l’analyse théorique a permis 
de conclure que des variations en fréquence positives et négatives peuvent être obtenues par  
l’utilisation de cette méthode, nous nous sommes restreint à des dépôts d’or sur silicium générant 
des variations négatives. Il serait intéressant, par la suite, de confirmer l’étude théorique en 
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réalisant des dépôts de matériaux différents. Par exemple, un dépôt de platine sur des résonateurs 
en nickel permettrait d’observer des variations  de fréquences positives. 
 
Dans le quatrième chapitre, nous avons appliqué la technique de micromasquage précédemment 
introduite, à l’ajustement individuelle de la fréquence de résonance de microrésonateurs par dépôt 
de couches métalliques d’épaisseurs contrôlées à la surface de chaque élément résonant. Le 
procédé de fabrication des microrésonateurs utilisés comme démonstrateur contient une étape de 
gravure profonde permettant de définir ses différents éléments. Le re-surfaçage du substrat est 
alors capital à l’intégration des deux microsystèmes. Pour ce faire, nous avons développé une  
procédure autorisant la fabrication de microsystèmes de manière surfacique sur des substrats 
présentant des surfaces non uniformes.  
Cette méthode, se basant sur des procédés de fabrication conventionnels, a permis la fabrication 
de micromasques mécaniquement et électriquement viable. Un épais dépôt d’oxyde de silicium 
réalisé dans un réacteur PECVD a permis le re-surfaçage du substrat au sein duquel les 
microrésonateurs avaient été préalablement fabriqués et garantie une bonne isolation électrique 
du substrat, permettant ainsi de fabriquer des systèmes nécessitants de grandes forces 
d’activations. 
L’intégration d’un micromasque mobile à la surface d’un microrésonateur a ainsi permis de 
contrôler de manière active l’épaisseur de la couche métallique déposée sur l’élément résonant. 
Cette méthode d’ajustement de la fréquence de résonance de résonateurs, ne reposant pas sur le 
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